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Abstract 
 Postactivation potentiation (PAP) is the phenomenon in which a highly trained power athlete 
may be able to obtain a higher rate of force development (RFD) and greater power performance 
following a heavy muscular loading stimulus.  Research on the mechanisms of PAP indicate that it 
may be caused by myosin light chain (MLC) phosphorylation due to intramuscular calcium saturation 
during intense contraction.  For PAP to be used effectively in actual performances, guidelines for its 
use need to be developed.  This study examined the predictors of PAP, hypothesized as relative 
strength (REL), absolute strength (ABS), initial reactive strength index (PreRSI), and initial mean 
RFD (PreMRFD).  Linear regressions (α = .025) were applied using those four variables for each of 
the outcome measures: percent change in MRFD (%MRFD), and percent change in RSI (%RSI).  
Means baseline values of the same four independent variables were also compared (α = .00625) 
between potentiated and fatigued subject groups as measured by %MRFD and %RSI.  REL 
significantly predicted %RSI (p = .006), and ABS, PreMRFD, and PreRSI significantly predicted 
%MRFD (p < .001).  Using a cutoff value of 10% change from baseline, REL and ABS were both 
higher (p = .004, p = .003) in potentiated subjects with respect to %MRFD, and REL was higher (p = 
.005) in potentiated subjects with respect to %RSI.  PAP occurs more in subjects with high REL and 
ABS, while subject with low REL and ABS exhibit fatigue. 
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Chapter I 
The Problem and Its Scope 
Introduction 
 Interest in maximizing athletic performance has stimulated research on a muscular 
phenomenon called postactivation potentiation (PAP) wherein muscular force producing 
characteristics may be acutely enhanced shortly after an intense muscular activation.  An increased 
rate of force development (RFD) is sought by power athletes in their performance settings.  
Therefore, being able to increase RFD in practice and training settings through PAP is very desirable.  
PAP is essentially a large-scale application of twitch potentiation (TP).  TP is studied by electrically 
stimulating tetanus, or sometimes maximally voluntarily stimulating muscle isometrically, against an 
immovable load (Grange, Cory, Vandenboom, & Houston, 1995; Hamada, Sale, MacDougall, & 
Tarnopolsky, 2000; Houston & Grange, 1990; Stuart, Lingley, Grange, & Houston, 1988), and then 
electrically stimulating a muscle twitch with a very low duration impulse (Garner, Hicks, & 
McComas, 1989; Grange, et al., 1995; Hamada, et al., 2000; Houston & Grange, 1990; Klein, 
Ivanova, Rice, & Garland, 2001; Moore & Stull, 1984; O'Leary, Hope, & Sale, 1997; Ryder, Lau, 
Kamm, & Stull, 2007; Stuart, et al., 1988; Tubman, MacIntosh, & Maki, 1996; Vandenboom, Grange, 
& Houston, 1993, 1995; Vandenboom, Xeni, Bestic, & Houston, 1997; Zhi et al., 2005).  There has 
been substantial research wherein TP has been shown in mammalian (Abbate, Sargeant, Verdijk, & 
De Hann, 2000; Metzger, Greaser, & Moss, 1989; Moore & Stull, 1984; Palmer & Moore, 1989; 
Ryder, et al., 2007; Tubman, et al., 1996; Vandenboom, et al., 1997; Zhi, et al., 2005) and human 
muscle (Baudry, Klass, & Duchateau, 2005; O'Leary, Hope, & Sale, 1998; Paasuke, Ereline, & 
Gapeyeva, 1998; Petrella, Cunningham, Vandervoort, & Paterson, 1989) through in-vitro (Metzger, et 
al., 1989) and in-vivo (Abbate, et al., 2000; Baudry & Duchateau, 2007b; Baudry, et al., 2005; 
Grange, et al., 1995; Houston & Grange, 1990; Moore & Stull, 1984; O'Leary, et al., 1997, 1998; 
Paasuke, et al., 1998; Palmer & Moore, 1989; Petrella, et al., 1989; Ryder, et al., 2007; Tubman, et 
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al., 1996; Vandenboom, et al., 1993; Vandenboom, et al., 1997; Zhi, et al., 2005) electrical testing of 
muscle groups (Moore & Stull, 1984), single muscle bellies (Abbate, et al., 2000; Ryder, et al., 2007; 
Tubman, et al., 1996; Vandenboom, et al., 1997; Zhi, et al., 2005), and single muscle fibers (Metzger, 
et al., 1989).  The potentiating stimulus is the tetanus of the muscle, and the twitch that is tested after 
the tetanus is called the potentiated twitch due to its resultant greater contractile properties. 
Postactivation potentiation (PAP) is the performance phenomenon in which a person acutely 
performs an intense, externally loaded exercise, and then subsequently performs with greater 
muscular force producing characteristics.  There is a larger body of research on TP than on PAP, 
because PAP is essentially the performance application of TP.  PAP has some intriguing performance 
applications in its ability to stimulate a higher RFD (French, Kraemer, & Cooke, 2003; Gilbert & 
Lees, 2005; Gullich & Schmidtbleicher, 1996; Vandenboom, et al., 1995) and force production in 
submaximal(Grange, Vandenboom, & Houston, 1993; Rassier & MacIntosh, 2000; Vandenboom, et 
al., 1997) and high velocity movements (Abbate, et al., 2000; Clark, Bryant, & Reaburn, 2006; Evans, 
Hodgkins, Durham, Berning, & Adams, 2000; French, et al., 2003; Hilfiker, Hubner, Lorenz, & 
Marti, 2007; Smilios, Pilianidis, Sotiropoulos, Antonakis, & Tokmanidis, 2005; Weber, Brown, 
Coburn, & Zinder, 2008; Yetter & Moir, 2008).   
 The mechanisms of PAP are not completely agreed upon in the field of kinesiology and 
performance science, although there are some ideas for possible mechanisms that are frequently cited 
in the literature.  Increased motor neuron excitability (Baker, 2003; Duthie, Young, & Aitken, 2002; 
Evans, et al., 2000; Gilbert & Lees, 2005; Hrysomallis & Kidgell, 2001; Magnus et al., 2006; 
Robbins & Docherty, 2005; Smilios, et al., 2005; Yetter & Moir, 2008), increased reflex electrical 
activity (Ebben, Jensen, & Blackard, 2000; French, et al., 2003; Gourgoulis, Aggeloussis, Kasimatis, 
Mavromatis, & Garas, 2003; Kilduff et al., 2007; Verkhoshansky, 1986; W. B. Young, Jenner, & 
Griffiths, 1998), enhanced muscle blood flow (Magnus, et al., 2006), or some form of psychomotor 
enhancement (Ebben, et al., 2000), resulting from the heavy loading are often speculated as possible 
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mechanisms of PAP.  These theories lack support in the body of research on twitch potentiation.  A 
much more widely supported theory is that of increased myosin light chain phosphorylation after high 
intensity loading (Grange, et al., 1995; Grange, et al., 1993; Metzger, et al., 1989; Palmer & Moore, 
1989; Ryder, et al., 2007; Stuart, et al., 1988; Sweeney, Bowman, & Stull, 1993; Szczesna et al., 
2001; Tubman, et al., 1996; Vandenboom, et al., 1993, 1995; Vandenboom, et al., 1997; Zhi, et al., 
2005). 
 Using the characteristics of the mechanisms of PAP, it is possible to develop performance 
enhancing periodized training programs.  Training programs that exploit the phenomenon of PAP 
during each session are termed complex training (Burger, 1999; MacDonald, Lamont, & Garner, 
2010; Mihalik, Libby, Battaglini, & McMurray, 2008; Santos & Janeira, 2008).  Research indicates 
that there are certain methods for using PAP that are more successful than others and this extends to 
the subjects‟ characteristics, as well.  Subject training status is an important part of PAP success, 
because untrained subjects tend to exhibit potentiation less frequently (Gonzalez-Rave, Machado, 
Navarro-Valdivielso, & Vilas-Boas, 2009; Gossen & Sale, 2000; Gullich & Schmidtbleicher, 1996; 
Hrysomallis & Kidgell, 2001).  As such, training status of athletes using PAP should be taken into 
consideration (Ebben, 2002; Khamoui, Jo, & Brown, 2009; Verkhoshansky & Tatyan, 1973).  It is 
necessary for the scientific community to delineate which athletes can safely use PAP and, equally 
important, which athletes will exhibit improved performance from implementing PAP in their training 
programs.  It is important to consider the mechanisms of PAP when determining efficacy of using 
complex training in varying subject populations because of the effects of fiber type composition and 
fatigue elimination on the duration of potentiation. 
 It is possible that the subjects‟ absolute or relative strength is a contributing factor to the level 
of PAP exhibited.  Studies have shown correlations between baseline absolute strength and 
percentage of performance enhancement seen with PAP (Evans, et al., 2000; Gourgoulis, et al., 2003).  
One study showed a correlation between relative strength and percentage improvement of 
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performance after potentiation. (Kilduff, et al., 2007). It is still unclear which factor is the strongest 
predictor of PAP-related performance improvements. 
Purpose of the study 
 This study was designed to investigate the effect of relative strength (strength to body weight 
ratio), absolute strength, mean rate of force development (MRFD), and reactive strength index (RSI) 
on percentage of performance enhancement following a potentiating activity.  Research has indicated 
that fast twitch fibers incur a greater percentage of performance enhancement after PAP than slow 
twitch fibers (Hamada, et al., 2000; Moore & Stull, 1984; Paasuke, et al., 1998).  Unfortunately it is 
highly impractical, if not impossible, for coaches to perform muscle biopsies on their athletes in an 
effort to determine if PAP will be effective, so another measure of efficacy is necessary.  Relative 
strength has been correlated to percent performance enhancement when using PAP using post hoc 
data analyses, but is not commonly analyzed with a wide variance in subject relative strengths 
(Kilduff, et al., 2007). Therefore, the purpose of this study was to find the variable(s) (relative 
strength, absolute strength, MRFD, or RSI) that best predict the level of PAP.  A further purpose of 
the study is the examination of any baseline differences exhibited by athletes who potentiated over 
those who did not. 
Experimental hypothesis 
 With increased relative strength, absolute strength, MRFD, RSI, or some combination of 
those variables, there will be an increase in percent of performance enhancement following a heavy 
back squat protocol.  This performance increase will be measured by MRFD, and RSI during a 
vertical countermovement jump (CMJ).  Also, there will be a difference in the mean relative strength, 
absolute strength, initial MRFD, and initial RSI between athletes potentiating and those exhibiting 
fatigue effects, as determined by at least a 10% change in MRFD or RSI pre- to post-intervention. 
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Significance of the Study 
 It is important to be able to apply the knowledge of the mechanisms of PAP in such a way 
that it forms guidelines for training.  If this study shows the hypothesized relationship between 
performance enhancement and a given independent variable, then there could be future research 
designed within the new guidelines provided.  This could potentially identify different, more effective 
parameters for using PAP in athletes with different levels of training status. 
Limitations 
 One major limitation of this study is the distribution of subjects‟ relative and absolute 
strengths.  Because the subjects were NCAA Division II Track and Field power athletes, there is a 
deficiency of athletes with very high levels of relative strength (one repetition maximum back squat 
greater than two times their body weight).  Also, athletes in this study were in different training cycles 
because of the events in which they competed, including: throws, jumps, short sprints, and long 
sprints.  Depending on the cycle of training each athlete was in during experimentation, there may 
have been fatigue related effects on PAP-induced performance increases (Gullich & Schmidtbleicher, 
1996).  Subject limitations were worsened by the loss of participation of several of the highest level 
jumpers and sprinters due to hamstring and groin injuries.  Subjects also often exhibited inconsistent 
patterns of jumping, which created inconsistent shapes of the force curve within individual subjects. 
 Another limitation to inducing the maximum potentiation possible is the effect that the 
exercise might have on the athletes‟ training program.  In an effort to decrease likelihood of 
overtraining, the volume and intensity were kept near the lower end of what was expected to 
potentiate a subsequent power performance.  This elimination of several sets of potentiating high load 
squats was also useful in making the testing sessions shorter and more feasible within the time 
constraints of student-athlete life, facility availability and researcher schedule. 
 A minor limitation included the ability of the athletes to reach full the depth of the band set at 
their tibial tuberosity height because they lost sight of it as their eye level passed below the depth of 
6 
 
the mirror.  This was effectively negated by a loud „up‟ call by the researcher upon the subject 
squatting to a successful depth.  Also, it was qualitatively noted that the athletes were preoccupied 
with looking at the Vertec, and this may have affected their ability to produce maximal force while 
jumping. 
Definitions 
Absolute strength – Muscular strength, not related to body weight (Zatsiorsky & Kraemer, 2006). 
Combined Training – A combination of plyometrics and resistance training during a training cycle 
(Baechle & Earle, 2008). 
Complex Training – A combination of high intensity resistance training followed by plyometrics 
within the same session (Baechle & Earle, 2008). 
Ground Reaction Force (GRF) – A single equivalent force equal to the sum of a distribution of forces 
applied to a surface (Robertson, Caldwell, Hamill, Kamen, & Whittlesey, 2004)  
Postactivation Potentiation (PAP) – The phenomenon by which acute muscle force output is enhanced 
as a result of contractile history (Robbins & Docherty, 2005). 
Rate of Force Development (RFD) – Change in force divided by change in time, indicating how fast 
force is developed (Bompa & Haff, 2009) 
Mean Rate of Force Development (MRFD) – RFD, calculated as the difference from minimum 
vertical GRF (VGRF) to peak propulsive VGRF, divided by the time from minimum VGRF 
to the time of maximum VGRF. 
Reactive Strength Index (RSI) – An index used to estimate explosive strength (Zatsiorsky & Kraemer, 
2006), calculated in this study as jump height in meters, divided by time to takeoff in 
seconds. 
Relative strength – Strength per kilogram of bodyweight (Zatsiorsky & Kraemer, 2006) 
Twitch Potentiation (TP) – Potentiation of isometric twitch tension following a brief period of tetanic 
contraction (Houston & Grange, 1990). 
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Vertical Countermovement Jump (CMJ) – A vertical jump using a pre-stretch, involving the stretch-
shortening cycle (Baechle & Earle, 2008) 
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Chapter II 
Review of the Literature 
Introduction 
 Postactivation potentiation (PAP) is the increase in muscular force producing characteristics 
that takes place in submaximal force contractions (French, et al., 2003; Grange, et al., 1993; Rassier 
& MacIntosh, 2000), or high velocity contractions (Abbate, et al., 2000), after a period of heavy 
muscular loading (French, et al., 2003; Gullich & Schmidtbleicher, 1996; Radcliffe & Radcliffe, 
1999).  It is used in training elite athletes (Gullich & Schmidtbleicher, 1996; Verkhoshansky, 1986) 
although there is some confusion in the field of kinesiology related to how to use this potentiation 
effectively in training.  Coaches often implement combined or complex training but with low levels 
of organizational precision (Duehring, Feldmann, & Ebben, 2009).  The goal of using PAP in training 
is to increase power output through an increased ability to produce force more rapidly. 
This section includes a review of the mechanisms of PAP, along with its possible applications 
and uses in terms of enhancing performance.  When planning a PAP training program or research 
experiment it is critical to understand the mechanisms through which PAP occurs, and those are 
discussed, in detail, in the following section.  Once the physiological basis for PAP is concrete, 
researchers have the responsibility of designing appropriate lift types, loads (intensities), volumes, 
and a corresponding recovery interval to allow PAP to be maximized.  Guidelines for all the 
aforementioned parameters of using PAP will be thoroughly discussed as they have been researched 
through various experimental designs and subject populations. 
Mechanisms 
 The mechanism of PAP is unclear, although to the skeletal muscle physiologists who have 
worked with and researched twitch potentiation (TP) it appears more readily explainable.  This 
discontinuity between reports of possible and theorized mechanisms in sports and training oriented 
journals warrants a thorough review of PAP mechanisms.  The many proposed mechanisms 
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responsible for the PAP phenomenon include: increased motor neuron activity (Baker, 2003; Duthie, 
et al., 2002; Evans, et al., 2000; Gilbert & Lees, 2005; Hrysomallis & Kidgell, 2001; Magnus, et al., 
2006; Robbins & Docherty, 2005; Smilios, et al., 2005; Yetter & Moir, 2008), increased reflex 
electrical activity (Ebben, et al., 2000; French, et al., 2003; Gourgoulis, et al., 2003; Kilduff, et al., 
2007; Verkhoshansky, 1986; W. B. Young, et al., 1998), enhanced muscular blood flow (Magnus, et 
al., 2006), psychomotor enhancement (Ebben, et al., 2000), and increased myosin light chain (MLC) 
phosphorylation.  Of the aforementioned mechanisms hypothesized, increased MLC phosphorylation, 
which is related to increased calcium sensitivity, appears to be the only mechanism supported by 
research (Grange, et al., 1995; Grange, et al., 1993; Metzger, et al., 1989; Palmer & Moore, 1989; 
Ryder, et al., 2007; Stuart, et al., 1988; Sweeney, et al., 1993; Szczesna, et al., 2001; Tubman, et al., 
1996; Vandenboom, et al., 1993, 1995; Vandenboom, et al., 1997; Zhi, et al., 2005).  All other 
mechanisms proposed have been refuted by research on TP in nonhuman mammals and humans.  
When examining the electrical excitation, there has been no increase in nervous (Klein, et al., 2001) 
or EMG (French, et al., 2003) activity even in the case of PAP occurrence. 
Intramuscular mechanism.  The mechanism takes place inside a skeletal muscle, and does 
not occur as a result of increased nervous stimulation of any kind.  Evidence is provided for an 
intramuscular mechanism of PAP by a lack of EMG increase seen where an increased force output 
occurred as a result of potentiation (French, et al., 2003). 
Further evidence is provided in a study examining six healthy men who performed 5 second 
contractions of the triceps brachii at 75% maximal voluntary contractions (MVC) (Klein, et al., 
2001).  Specifically, the muscle was the lateral head of the triceps brachii.  Following the potentiating 
activity (the 75% MVC), the subjects were asked to trace on an oscilloscope to 10, 20, and 30% MVC 
of the triceps brachii.  Researchers found potentiation caused by the 75% MVC based on twitch 
torque increasing 1.3-2.0 times baseline.  While this potentiation was present, the subjects were able 
hold submaximal voluntary contractions with no additional motor units recruited and a significantly 
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decreased motor unit discharge rate (p<.01).  The result represents strong evidence that the 
mechanism for PAP lies within the skeletal muscle itself (Klein, et al., 2001). 
 Calcium dependent mechanism.  In the previous study, there was also significantly 
decreased half relaxation time (1/2 RT) of the activated muscle (Klein, et al., 2001).  According to 
O‟Leary, et al. (1997), half relaxation time is dependent on calcium reuptake at the sarcoplasmic 
reticulum (SR).  In a study on ten male and ten female kinesiology students, seven second tetanus of 
the ankle dorsiflexors was induced as a potentiating contraction by electrical stimulation.  During 
twitch potentiation testing following the tetanus, there was increased rate of torque development as is 
common in twitch potentiation, and an increased rate of relaxation, as is shown by significantly 
decreased half relaxation time.  Since half relaxation time is dependent on the rate of calcium 
reuptake into the SR, this observation provides evidence for the possibility of a calcium dependent 
mechanism of PAP (O'Leary, et al., 1997). 
 Further evidence for a calcium dependent mechanism is provided by a study performed using 
mouse extensor digitorum longus muscle (Palmer & Moore, 1989).  Dantrolene is a chemical agent 
that causes a decreased muscle contraction level because of a decreased release of calcium from the 
SR. (Palmer & Moore, 1989) With decreased absolute calcium release caused by dantrolene, the 
sensitivity of MLC to calcium activity can be looked at with “exquisite sensitivity” (Palmer & Moore, 
1989).  The greater post tetanic potentiation (PTP) percentage presents evidence that the mechanism 
of potentiation is calcium dependent (Palmer & Moore, 1989). 
Fiber type differences.  Beyond realizing the calcium dependent mechanism of PAP, the 
body of research also points to some fiber type differences in skeletal muscle.  In a PTP study done 
on 20 recreational men, the four subjects who had the greatest potentiation, as measured by shortest 
time to peak torque (TPT), had a significantly higher (1.42:1) type II to type I ratio than the four 
subjects (1.13:1) with the lowest level of PAP (Hamada, et al., 2000).  This is important in terms of 
the discussion on mechanisms because in a study performed on rat soleus and gastrocnemius muscle, 
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researchers found significantly higher MLC phosphorylation in fast twitch fibers in contrast to slow 
twitch fibers (Moore & Stull, 1984). These researchers also reported greater potentiation percentages 
above baseline in the fast twitch fibers over the slow twitch fibers (Moore & Stull, 1984). 
 MLC phosphorylation.  Studies have shown correlations between the level of MLC or 
regulatory light chain (RLC) phosphorylation and percentage of potentiation occurring (Grange, et al., 
1995; Metzger, et al., 1989; Stuart, et al., 1988; Tubman, et al., 1996; Vandenboom, et al., 1997).  
Several methods have been employed to show a correlation between RLC phosphate content and 
potentiation in rodents and humans, including variations in activities used in potentiation, as well as 
measured potentiated activities.  The „potentiating‟ activity is the activity that causes the enhanced 
properties of the muscle.  The „potentiated‟ activity is the activity or measure of the activity through 
which the researchers chose to evaluate the level of potentiation.  In mouse extensor digitorum longus 
muscle, ten-second conditioning stimuli of varying frequencies were used to cause a varied level of 
potentiation as measured by twitch force and rate of force development (Vandenboom, et al., 1997).  
A positive linear relationship was seen between phosphorylation of RLC and the degree of 
potentiation of both the aforementioned parameters (Vandenboom, et al., 1997). 
In another study on 46 mice, the researchers used the duration of the effects of PAP to 
examine the level of MLC phosphorylation and how it correlated to muscle force producing 
properties (Grange, et al., 1995).  As phosphorylation decreased with increasing time post-tetanic 
contraction, so did the rate of force development, peak power, and total displacement during loaded 
twitch testing.  Again a strong positive correlation between rate of force development and RLC 
phosphorylation was present (Grange, et al., 1995). 
A third method for analysis of the same correlation was performed on rat gastrocnemius 
muscle, where researchers tested the difference of potentiation in rested and extremely fatigued 
muscle (Tubman, et al., 1996).  Using electrically stimulated tetanus and twitch potentiation, the 
authors reported a significantly higher level of potentiation present and concomitant phosphorylation 
12 
 
in the rested muscles (Tubman, et al., 1996).  The attenuated potentiation in fatigued muscles 
correlated with phosphorylation as did the higher potentiation and phosphorylation in the rested 
muscle (Tubman, et al., 1996). 
 A more abstract way to produce a test for rate of force development was performed on rabbit 
psoas muscles because of the fast twitch nature of the fibers and the high level of MLC 
phosphorylation likely (Metzger, et al., 1989).  Electrically stimulated tetanus was used to cause MLC 
phosphorylation and its probable potentiation of muscle force producing parameters (Metzger, et al., 
1989).  After the tetanus, the psoas fibers were stimulated to submaximal contraction then stretched in 
such a rapid manner that all contractile elements of the fibers dissociated completely (Metzger, et al., 
1989).  Rate of force redevelopment was strongly correlated with the level of MLC phosphorylation 
(Metzger, et al., 1989). 
 Experiments on rodents and other nonhuman mammals provide the foundation for human 
research.  Twenty-two college aged subjects (20 female, 2 male) performed 10 second leg extensor 
MVC‟s, then were analyzed for twitch potentiation, unloaded leg extension velocity, and MLC 
phosphate content (Stuart, et al., 1988).  A significant increase was reported for twitch force, and a 
trend toward increased leg extension velocity, both of which were strongly and positively correlated 
with increased MLC phosphate content (Stuart, et al., 1988).  This correlation in human mixed muscle 
points toward MLC phosphorylation being responsible for at least part of the mechanism for PAP 
(Stuart, et al., 1988). 
 MLC phosphorylation pathway.  In a review by Sweeney, et al. (1993), on MLC 
phosphorylation and the way certain enzymes function within skeletal muscle, the pathway through 
which MLC phosphorylation occurs is gleaned: Calmodulin (CaM)binds Calcium (Ca). This complex 
is readily bound to myosin light chain kinase (MLCK), which is the enzyme responsible for adding a 
phosphate to the MLC. The Ca•CaM•MLCK complex with magnesium present in the cell works to 
bind a phosphate (from ATP) to phosphorylatable myosin light chain, which creates a phosphorylated 
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MLC (Sweeney, et al., 1993).  Ca then dissociates from CaM which then readily dissociates from 
MLCK returning to the resting state (Sweeney, et al., 1993).  This process is the pathway through 
which increased MLC phosphorylation occurs rapidly when intracellular concentrations of calcium 
increase with intense contractions.  Myofibrillar protein phosphatase type-1 (PP-1M) is the enzyme 
responsible for cleaving the phosphate from MLC and is much slower than MLCK (Sweeney, et al., 
1993).  The dissociation of phosphate from MLC is slower than the aforementioned process resulting 
in the longer durations of potentiation that can potentially outlast fatigue effects, especially in trained 
subjects (Sweeney, et al., 1993). 
 Possible limiting factors to MLC phosphorylation in skeletal muscle are CaM and MLCK.  
Two studies provide convincing evidence that MLC phosphorylation is the sole mechanism of PAP in 
skeletal muscle (Ryder, et al., 2007; Zhi, et al., 2005).  Authors observed an increase in phosphate 
content of the RLC when twitch potentiation was tested on mice with genetically up regulated skeletal 
muscle MLCK (skMLCK), after tetanus, compared to wild type (genetically unchanged) mice (Ryder, 
et al., 2007).  This increase in RLC phosphorylation occurred without concomitant increases in 
Ca•CaM complex, which may have been the other limiting factor in RLC phosphorylation (Ryder, et 
al., 2007).  A standard PTP protocol includes pre-tetanus twitch-testing, sustained muscular 
contraction (tetanus), then immediate post-tetanus twitch-testing for potentiation effects (Zhi, et al., 
2005).  A second study examined the effects of a standard post-tetanic potentiation (PTP) protocol on 
wild type mice and skMLCK “knock-out” mice (Zhi, et al., 2005).  The skMLCK knock-out mice had 
the DNA coding for the protein enzyme skMLCK destroyed, so the mice were left completely 
without that enzyme in vivo.  The genetic manipulation causing a lack of skMLCK accomplished a 
nearly complete elimination of potentiation in the skMLCK knock-out mice and a largely decreased 
staircase effect of high frequency initial pulses (HFIP) (Zhi, et al., 2005).  If skMLCK is not present 
to catalyze the phosphorylation of the MLC, then the potentiating effect of a preconditioning 
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contraction is eliminated (Zhi, et al., 2005).  This is the strongest evidence available for the MLC 
phosphorylation mechanism of PAP (Zhi, et al., 2005). 
 Research on the mechanism of PAP indicates that calcium is an important factor in the 
process (O'Leary, et al., 1997; Palmer & Moore, 1989).  The two clear functions of calcium release 
from the SR in muscular contraction are to bind troponin resulting in a shift of tropomyosin, and to be 
bound by calmodulin which binds and activates the skMLCK enzyme responsible for phosphorylation 
of the MLC (Sweeney, et al., 1993).  Intracellular release of calcium also has another effect in the 
mechanism of PAP in terms of the affinity of phosphorylated MLC for calcium (Szczesna, et al., 
2001).   In rabbit skeletal muscle, calcium affinity was examined in reconstituted RLC and 
phosphorylated RLC.  Calcium affinity was 1.4 times higher in phosphorylated RLC in vitro 
(Szczesna, et al., 2001).   
Crossbridge dynamics.  Although this calcium affinity is advantageous for causing 
increased force of contraction, it does not explain whether it is because of a longer force production 
time of the individual crossbridges, more rapid movement to a force producing position (strained), or 
if the phosphorylation causes a bending of the MLC resulting in a more forceful action of each 
crossbridge.  In an attempt to answer this question, PTP was assessed during varied velocities of 
concentric contractions in male rats (Abbate, et al., 2000).  A higher percentage potentiation was 
present in the highest velocities of muscular shortening contractions; a finding they presented as 
evidence against the idea that longer strained states exist at the crossbridges because of the rapid rate 
of crossbridge cycling necessary in high velocity shortening contractions (Abbate, et al., 2000). 
In a study on middle aged humans researchers found that twitch time actually decreased 
while twitch force increased (Garner, et al., 1989).  This finding implies that it is not duration of cross 
bridge attachment that increases force; rather, it is either a more forceful crossbridge attachment or it 
is the readiness of phosphorylated MLC to move to a strong position of actin binding once calcium is 
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again present in the cell, which allows for greater submaximal force and rate of force development 
(Garner, et al., 1989). 
Regarding confusion that remains between the last two possibilities of how MLC 
phosphorylation mechanically affects muscular force production, there is some clarification when 
myosin adenosine triphosphatase (ATPase) activity is analyzed.  ATPase activity increases 
proportionally with potentiation, which means rate of crossbridge cycling increases proportionally 
with potentiation because ATPase is used with adenosine triphosphate (ATP) at the actin binding sites 
to release the myosin globular head from a strained state (Rassier & MacIntosh, 2000).  Since rate of 
cross bridge turnover is not compromised (as in the theory of longer attachment time) or left 
unaffected (as in the theory of more force per crossbridge attachment) during potentiation (Rassier & 
MacIntosh, 2000), there may be a more rapid globular head cycling or binding of the myosin to actin. 
 Under potentiated conditions, there may be more crossbridges producing force, at any given 
time, for a certain level of calcium since it is likely that the crossbridges are reaching strained states 
faster but the cycling back through unstrained positions remains unaffected.  Essentially there is a 
leftward shift in the force-pCa
++
 curve.   This increase in number of crossbridges attached for any 
submaximal level of calcium concentration is evidenced by a study on rat extensor digitorum longus 
muscle where a standard PTP protocol was used to induce enhanced phosphorylation (Vandenboom, 
et al., 1993).  Following potentiation, the muscle was stimulated with 1-150Hz of electrical current 
(Vandenboom, et al., 1993).  The lowest frequencies potentiated the most, probably because when 
calcium is limited in low concentrations as in repeated separate twitches, the phosphorylation of the 
RLC is important for potentiation.  A lessened effect of potentiation is exhibited with higher 
frequency, probably because the muscle cell is saturated with calcium, as in a state of tetanus or very 
high force contraction.  In this state  the myosin is already acting to its fullest and cannot attach any 
additional crossbridges (Vandenboom, et al., 1993). 
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 Summary.  The mechanism of PAP in humans appears to be through an enhancement of 
MLC phosphorylation through intense contractions which saturate the cell with calcium.  Calcium 
then binds calmodulin, in turn, binding skMLCK, which phosphorylates the MLC.  The MLC 
phosphorylation remains beyond the effects of fatigue because of a much slower activity of MLC 
phosphatase, which removes phosphate from MLC (Sweeney, et al., 1993). MLC phosphorylation 
affects the force producing characteristics of muscle by causing a more rapid shift to a strained state 
of crossbridge attachment for a given level of calcium concentration in any subsequent contraction, 
likely because of its increased affinity for calcium (Szczesna, et al., 2001). 
 In humans, researchers have attempted to induce PAP, and have investigated various 
parameters associated with inducing and measuring it.  Important parameters in the use of PAP are 
exercise selection of the heavy loading exercise, intensity, volume, duration of rest after potentiating 
exercise, as well as the measure or exercise with which to test the extent of potentiation (Khamoui, 
Jo, et al., 2009). It is possible that properly designing a complex training program, using PAP within 
each set is advantageous for achieving higher intensity.  The ability to train at a higher intensity than 
normally possible is an attractive option for athletes who are interested in increasing power output or 
speed, especially since there is research showing that a combination of strength and plyometric 
training together, as in combined or complex training, is more effective in eliciting strength and 
power gains than strength or plyometric training alone (Harris, Stone, O'Bryant, Proulx, & Johnson, 
2000; Kotzamanidis, Chatzopoulos, Michalidis, Papaikovou, & Patikas, 2005). 
Duration 
 PAP has a limited duration, because of the activity of the PP-1M enzyme‟s role in 
dephosphorylation of the MLC (Sweeney, et al., 1993).  This is of utmost importance for application 
to athletic activity because there is theoretically a time window in which an athlete can train or 
perform with enhanced force producing characteristics of muscle.  Researchers have examined PAP 
with the goal of determining the optimal duration, after the potentiating activity, at which the 
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potentiated exercise will be the most enhanced over baseline(Gossen & Sale, 2000; Jensen & Ebben, 
2003; Kilduff, et al., 2007).     
 When examining studies on duration of PAP effects, it is important to consider the muscle 
groups or single muscles that are being tested because of the fiber type composition variability within 
human muscles (Hamada, et al., 2000).  It is equally, if not more, important to examine the subject 
population involved in the study because in untrained subjects, fatigue can last longer than the 
potentiation (Ebben, et al., 2000; Garner, et al., 1989; Gossen & Sale, 2000; Houston & Grange, 
1990; Rassier & MacIntosh, 2000).  Also, with the highly variable performances of untrained subjects 
in maximal tests, especially those which take some level of coordination, it is difficult to find 
significance in any performance variable related to potentiation unless well trained subjects are used 
(Ebben, et al., 2000). 
 In fatigue-resistant muscles and muscle groups, relatively short durations of rest are required 
after potentiating exercise to induce optimal performance increases.  For example, in two studies 
performed by the same research group with very similar protocols, the very fatigue-resistant thumb 
adductors were used to investigate the duration of the effects of PAP (Baudry & Duchateau, 2007a, 
2007b).  Both studies examined the duration of PAP following a six second MVC (Baudry & 
Duchateau, 2007a, 2007b).  The greatest potentiation effects were found at one minute post MVC 
(Baudry & Duchateau, 2007a, 2007b).  Potentiation lasted for approximately 5 minutes, but had 
returned to non-significance by 10 minutes (Baudry & Duchateau, 2007a, 2007b).  The only 
difference in the two studies was that in the first, researchers examined voluntary ballistic isometric 
contractions (Baudry & Duchateau, 2007b), and subjects were asked to contract to maximum force as 
rapidly as possible, while joint motion was restricted. In the second, they examined voluntary ballistic 
concentric contractions (Baudry & Duchateau, 2007a).  The likely explanation for such short optimal 
rest intervals as compared to subsequent studies is due to the fatigue resistance of the thumb 
adductors (Baudry & Duchateau, 2007a, 2007b). In less fatigue-resistant muscles and muscle groups, 
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it is evident that longer rest periods are needed in order to compensate for decreased performance 
caused by fatigue (Baudry & Duchateau, 2007a, 2007b). 
 Ebben, et al. (2000) examined the potentiation of a medicine ball throw.  The subjects were 
10 male, varsity, NCAA division I (DivI), basketball players, with unspecified resistance training 
experience.  With no rest between activities of PAP, the subjects‟ fatigued musculature likely 
shrouded the possible PAP related improvement of performance.  In easily fatigued musculature and 
in relatively untrained subjects it is especially important to give a reasonable rest interval.  This was 
not done in this study, where the subjects performed the medicine ball power drop and throw exercise 
immediately after the 3-5RM bench press exercise (Ebben, et al., 2000). 
 Optimal duration of PAP rest interval was examined in 10 untrained subjects aged 22-35 
(Gossen & Sale, 2000). Subjects performed a 10 second MVC of leg extensors then were tested for 
increased loaded concentric contractile velocity at 30 seconds post and 50 seconds post potentiating 
activity.  The research group examining the rest interval following PAP in this study found no 
significance in any of the protocol examined, very likely due to such short duration allowed.  A 10 
second MVC is a fatiguing exercise and it is unlikely that the phosphagen system and the level of 
calcium release and reuptake had recovered within the first minute after performing the exercise 
(Gossen & Sale, 2000). 
 Three studies have specifically examined the duration of the effects of PAP and its optimal 
rest interval in trained athletes (Gilbert & Lees, 2005; Jensen & Ebben, 2003; Kilduff, et al., 2007).  
Jensen and Ebben (2003) examined 21 NCAA Division I power athletes who were trained in squats 
and plyometrics.  A five repetition maximum back squat (BS) was used to potentiate vertical jump 
ability.  Vertical jumps were performed 10 seconds post, one, two, three, and four minutes post five 
(5RM) BS.  No condition reached significance for increased performance; however, according to the 
authors, the potentiation of the vertical jump at 4 minutes post trended toward significance with an 
increase of 1.35 inches in jump height (no p-value reported) (Jensen & Ebben, 2003). 
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 The second of the three aforementioned studies used 14 trained male subjects who could all 
squat more than two times their body weight (Gilbert & Lees, 2005).  The researchers used a three 
group design of five sets of one repetition maximum (1RM) BS with five minutes rest, five sets of 
one with the subjects‟ maximum power load, or control to potentiate vertical jump and isometric leg 
extension, during which they examined RFD.  The control group exhibited no difference in vertical 
jump height or RFD in the leg extension condition.  PAP was greatest for the five by 1RM BS group 
at 20 minutes post potentiating protocol.  They increased jump height by 9% and demonstrated an 
11.8% increase in RFD in isometric maximal leg extensions.  For the group who used their maximum 
power load for the potentiating BS exercise, the greatest increase in jump height occurred at two 
minutes and completely dissipated by 15-20 minutes post potentiating activity.  The maximum power 
load group only increased their measures about half of what the five by 1RM BS group did.  This 
finding provides evidence that the potentiating exercise needs to be of very high intensity to create the 
greatest gains, but the more intense the exercise, the longer it is necessary to wait before performing 
the potentiated exercise (Gilbert & Lees, 2005). 
 The third of three aforementioned studies used professional rugby players with an average of 
three years of resistance training experience (Kilduff, et al., 2007). This was also a repeated measures 
study which tested upper and lower body potentiation using bench press with bench press throws, and 
BS with countermovement jump (CMJ).  The BS protocol included a warm up of 10 repetitions with 
50% of subjects‟ 1RM followed by a three repetition maximum (3RM) BS.  The same sets, 
repetitions, and percentages were used for the bench press protocol.  CMJ and bench press throws 
(BPT) were tested 15 seconds, four, eight, 12, 16, and 20 minutes after 3RM sets.  Upper body 
potentiation peaked at 12 minutes and was significantly present at eight and 16 minutes but not at 15 
seconds, four or 20 minutes post potentiating activity.  PAP was present at eight minutes and peaked 
at 12 minutes post potentiation for lower body exercise but was not significant at any other time 
tested (Kilduff, et al., 2007). 
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 The major limitation to all studies examining the duration PAP effects is that the continuous 
testing of potentiated activities can affect other potentiated activities.  For example, in the study 
where 5RM BS was used to potentiate vertical jump, which was tested immediately, one, two, three, 
and four minutes post 5RM, the vertical jump testing may have caused the residual fatigue from the 
5RM protocol to linger through all the jump tests (Jensen & Ebben, 2003).  It is important for subjects 
to receive adequate rest.  So, in cases where several attempts at finding potentiation will be taken 
subsequent to a potentiating protocol, fatigue can last longer than it normally would without frequent 
interruptions by intermittent testing.  It is possible that the researchers may have found significance at 
four minutes of rest had they not tested four times already in that „recovery‟ period.  The same could 
be inferred about the other two studies using trained subjects (Gilbert & Lees, 2005; Kilduff, et al., 
2007).  It is probable, so long as the tested activities are not potentiating themselves, that testing and 
re-testing of vertical jumps and bench press throws is detrimental to the true time course of the 
potentiation.  It is possible that the optimal duration of PAP rest interval is slightly less than the 8-12 
minutes found in the study on rugby players, (Kilduff, et al., 2007) or the 20 minutes found using 
resistance trained athletes (Gilbert & Lees, 2005).  This effect of multiple tests in an attempt to find 
the optimal time window for potentiation seems even more likely when looking at other studies in 
which examining duration is not the goal, because slightly shorter rest intervals are most often used 
successfully.  In several studies to be discussed later in the review there was success in potentiation 
using three minutes rest (French, et al., 2003), four minutes rest (Evans, et al., 2000), and 5-13 
minutes rest (Gullich & Schmidtbleicher, 1996).  
Future research on duration of PAP effects should implement separate sessions for testing of 
varied durations.  All variables should be held constant in each session with the exception of the 
chosen rest intervals to be analyzed.  Rest intervals of interest range between 1 and 20 minutes 
depending on the training level of the subjects and the chosen volume and intensity of the preloading 
stimulus. 
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 It appears that optimal rest period after a potentiating activity is highly variant and largely 
dependent on training status and type, intensity, and volume of exercise used to potentiate.  Using 
moderately high intensity and moderate volume of exercise in the lower extremity, it seems that the 
optimal rest period for PAP in well trained subjects is between three and 12 minutes of recovery 
(Baker, 2003; Evans, et al., 2000; French, et al., 2003; Jensen & Ebben, 2003; Kilduff, et al., 2007; 
Weber, et al., 2008; W. B. Young, et al., 1998).  It is possible that in elite resistance trained subjects, 
the volume and intensity that can be tolerated is high enough that longer rest (ie. 12-20min) is 
necessary, (Gilbert & Lees, 2005; Gullich & Schmidtbleicher, 1996) but in all sub-elite, but trained 
populations, the aforementioned guidelines seem optimal.  It is the responsibility of the researchers to 
assess the training status of the subject or athlete, as well as the volume and intensity to be used, in 
order to make an educated guess at an appropriate and effective duration of rest. 
Inducing Potentiation 
 Once knowledge of the mechanisms of PAP has been established, it can be used to develop 
applications in the physical performance arena.  One of the major considerations when applying PAP 
in training or applied research is the choice of the potentiating exercise characteristics.  The type, 
volume, and intensity of exercise are important for inducing potentiation (Ebben & Watts, 1998; 
Khamoui, Jo, et al., 2009).  It is important for the exercise to be of high intensity and at least 
moderate volume.  So long as contractions are near maximal it seems that the exact method of 
producing such contractions is not as important as the aforementioned factors.  Training status of the 
subjects is also essential to consider when developing a plan for PAP, as it will affect the choices 
made regarding the potentiating exercise. 
 In untrained or recreational subjects, PAP usually does not occur, regardless of type, 
intensity, or volume of potentiating exercise (Brandenburg, 2005; Khamoui et al., 2009; Magnus, et 
al., 2006).  In a study on 16 recreational men, researchers used a repeated measures design with five 
sessions of testing (Khamoui, Brown, et al., 2009).  Each testing session, in random order, had the 
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subjects perform no potentiation, two, three, four, or five reps of 85% 1RM BS with five minutes rest 
before testing three single counter movement jumps (CMJ) (Khamoui, Brown, et al., 2009).  No 
significant potentiation occurred for any protocol, likely because of the low training status of the 
subjects.  The rest duration and measure for testing was typical and often found in trained athletes to 
be successful in eliciting PAP (Khamoui, Brown, et al., 2009).  Another similar study tested 10 
recreational subjects using either one repetition of 90% 1RM quarter or half squat and found no 
significant PAP (Magnus, et al., 2006).  This is likely due to a combination of low training status of 
subjects and too low of volume in the potentiating activity (Magnus, et al., 2006). 
 Two more studies on completely untrained college aged men also found no potentiating effect 
for any of their PAP testing protocol (Brandenburg, 2005; Gonzalez-Rave, et al., 2009).  The first 
examined the effects of bench press (BP) on bench press throws (BPT) using a four times repeated 
measure protocol with 100, 75, 50, or 0% (no load) of 5RM BP (Brandenburg, 2005).  The second 
used a repeated measures study design to examine the effects of half squats, half squats plus 
stretching, and stretching on CMJ and squat jump (SJ) performance (Gonzalez-Rave, et al., 2009). 
They found a trend towards improved performance in the half squat plus stretching protocol, as 
measured by ground reaction force (GRF) in a SJ, but it did not reach significance (p<.06) (Gonzalez-
Rave, et al., 2009).  This trend is possibly explained by the stretching after the half squat potentiating 
exercise allowing for increased rest interval between the half squat and the CMJ (Gonzalez-Rave, et 
al., 2009).  However, it is not impossible to exhibit PAP in untrained men. Researchers were able 
achieve significant subject potentiation using high speed half squats as their PAP inducing exercise.  
They used a protocol of five sets of two half squats (HS) at 20, 40, 60, 80, and 90% of 1RM with five 
minutes rest between each set and after the last set before two CMJ‟s (Gourgoulis, et al., 2003). 
 Another study exhibiting no PAP examined trained soccer players.  Researchers attempted to 
test three different methods of inducing PAP: 5RM dead lift (DL), five tuck jumps, 3x3 seconds 
MVC (Till & Cooke, 2009). They also found no significant treatment effects but it is possible that 
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their choice to have subjects walk for four minutes during their rest is the factor that caused limited 
performance enhancement (5RM DL and tuck jumps groups increased non-significantly) (Till & 
Cooke, 2009).  The soccer players may also have been more aerobically trained than resistance 
trained which could limit the effects of PAP, as will be discussed further in a separate section (Till & 
Cooke, 2009). 
 An example of well-trained athletes being more sensitive to PAP is given by a study on 13 
Swiss international level athletes competing in gymnastics and ski jump disciplines (Hilfiker, et al., 
2007). Researchers tried and were successful at potentiating a significant (p<.05) increase (2.2%) in 
CMJ power and trends towards significantly increased squat jump (SJ) height, CMJ height, and SJ 
power. These researchers used five by 60cm drop landings at 90 degrees of knee flexion as a 
potentiating exercise.  Because this is a very low fatiguing exercise, the researchers chose only one 
minute of rest between potentiation and testing.  This is in agreement with balancing the fatigue and 
potentiation level and would likely only work at this very small level in elite trained athletes as in this 
study (Hilfiker, et al., 2007). 
 Inconsistent findings have been reported by researchers using loaded jumps as the 
potentiating activity.  Two studies examined the difference between jump protocols and the 
potentiation seen (Clark, et al., 2006; Smilios, et al., 2005).  One looked at 40 kg loaded CMJ‟s 
(LCMJ) for potentiation of 20 kg LCMJ‟s and only found increased height of 20 kg LCMJ in one of 
four post trials (sets of six) tested at three, six, nine, and 12 minutes post potentiation (Clark, et al., 
2006).  Power was significantly improved in sets two, three, and four when using 40 kg LCMJ as 
compared to their control which used 20kgLCMJ to potentiate the last four sets (Clark, et al., 2006).  
The power output increases seen occurred in the last phase of each of the jumps which aligns well 
with the research on potentiation of high velocity movements and increased rates of crossbridge 
reattachment (Clark, et al., 2006).  The other study directly observing loaded jumps used as 
potentiation for other activities compared protocols of SJ at 30 or 60% of 1RM HS, and HS at 30 or 
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60% of 1RM HS, in a repeated measures experiment (Smilios, et al., 2005).  Potentiated CMJ height 
increased in all but the 30% HS protocol possibly because it was not intense enough to cause 
sufficient intramuscular calcium saturation and resultant MLC phosphorylation (Smilios, et al., 2005). 
 In another study which examined four different methods of potentiation of a horizontal CMJ, 
researchers included one by four BS at 65-75% 1RM, 1x4 snatch at 65-75% 1RM, four by four 
loaded CMJ using 15-20% bodyweight, or four by four tuck jumps (Radcliffe & Radcliffe, 1999). 
The only protocol that showed significant increase in three single horizontal CMJ‟s after three 
minutes rest was the snatch protocol, perhaps because it was intense enough to cause sufficient 
calcium saturation.  The squat protocol was probably not high enough intensity and the LCMJ‟s may 
not have had adequate rest after them because of the repeated sets.  It is unlikely in collegiate athletes, 
such as those in this study, that one would see potentiation after tuck jumps because the athletes are 
unlikely to be at elite training status in jumping (Radcliffe & Radcliffe, 1999). 
 There have been more studies looking at potentiation using some form of back squat (Chiu et 
al., 2003; Gilbert & Lees, 2005; Gonzalez-Rave, et al., 2009; Gourgoulis, et al., 2003; Gullich & 
Schmidtbleicher, 1996; Jones & Lees, 2003; Khamoui, Brown, et al., 2009; Kilduff, et al., 2007; 
Magnus, et al., 2006; Radcliffe & Radcliffe, 1999; Scott & Docherty, 2004; Smilios, et al., 2005; 
Weber, et al., 2008; Yetter & Moir, 2008; W. B. Young, et al., 1998) than any other type of 
exercise(Radcliffe & Radcliffe, 1999) for potentiation of the lower body.  Bench press has been 
examined (Baker, 2003; Brandenburg, 2005; Ebben, et al., 2000; Evans, et al., 2000; Gullich & 
Schmidtbleicher, 1996; Hrysomallis & Kidgell, 2001; Kilduff, et al., 2007)  more than other forms of 
exercise(Requena et al., 2005) for potentiation of the upper body.  There has been some success in 
using the potentiation of one muscle group to increase performance in multiple joint exercises, as in a 
study using three by three second MVC of the quadriceps femoris to potentiate drop jump ground 
reaction forces (GRF) and RFD, and isokinetic leg extensions (French, et al., 2003).  However, it 
appears that this method would need to be performed by trained subjects because in a study that 
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examined the effects of electrically induced tetanus of the pectoral muscles, there was no increase in 
performance parameters of bench press throws (Requena, et al., 2005).  It is not necessarily the type 
of exercise chosen that is the most important in determining if PAP will occur.  More important is the 
time under contraction and the intensity of contraction, and the pairing of those two variables with 
proper recovery duration for a given subject population.  It appears that well trained subjects can 
perform slightly higher volumes of very high intensity work and still exhibit potentiation because 
they are more fatigue resistant than untrained subjects (Gullich & Schmidtbleicher, 1996). 
Measures of PAP 
 Measures of PAP are the exercises or characteristics of exercise that are analyzed by 
researchers to assess degree of potentiation.  As seen in the previous section, training status is 
possibly the most important determining factor in finding PAP.  This trend continues when examining 
studies in which researchers search for different performance effects and measures of potentiation.  
On a regular basis, when researchers attempt to study PAP using recreational or untrained subjects 
there is no effect of previous muscle activity on power or speed related performance (Hrysomallis & 
Kidgell, 2001; Scott & Docherty, 2004). 
 Examples of this lack of PAP in untrained subjects are provided in the following three 
studies.  One study used a 5RM BS in an attempt to potentiate a group of 19 recreational men‟s 
horizontal and vertical CMJ‟s and found no significant results (Scott & Docherty, 2004).  The second 
study used 12 untrained men with nearly identical protocol in upper body (bench press and explosive 
push-ups) and found no significant improvement in any performance measure (Hrysomallis & 
Kidgell, 2001).  Another study on 16 college aged men used a seven second MVC in an attempt to 
potentiate five CMJ‟s and also found no significance (Robbins & Docherty, 2005).  It appears that the 
aforementioned measures of PAP are not potentiated in recreational subjects. 
 Of the measures examined in trained subjects, it seems that rate of force development 
improvements are the very common, which fits well with the research on TP and the mechanisms of 
26 
 
PAP (Gullich & Schmidtbleicher, 1996; Vandenboom, et al., 1995). Increased RFD was present as a 
measure of PAP in an aforementioned study using 3x3 second MVC‟s, (French, et al., 2003) as well 
as in the study of regional and national caliber power athletes using different types of squat protocol 
(Gullich & Schmidtbleicher, 1996).  It is also possible, that in studies in which RFD was not analyzed 
but jump heights were, that there was increased RFD present.  This supposition is based on the 
research on TP and PAP that shows increased RFD as a common theme (Gullich & Schmidtbleicher, 
1996; Vandenboom, et al., 1995).  RFD is one of the most commonly increased measures when PAP 
is present. 
 It is also common to see the effects of PAP in studies using very high speed and short 
duration measures.  For example, a study by Baker (2003) and another by Evans and colleagues 
(2000) examined high speed pressing ability, represented as bench press throw (BPT), and a medicine 
ball press, respectively.  These found in trained subjects that PAP occurred when potentiated with BP.  
Other high speed short duration examples include studies using LCMJ and CMJ trials as the 
potentiated activity.  Loaded (19 kg) jump height was increased by 2.8% using heavy half squats in 
moderately trained athletes (W. B. Young, et al., 1998).  In unloaded CMJ trials, 10 male strength and 
power athletes showed an increase in jump height as well following a previously described half squat 
protocol (Evans, et al., 2000).  The three aforementioned studies are examples of BPT, medicine ball 
press, and CMJ potentiation; all of which are relatively high speed short duration exercise measures 
of PAP. 
 Another method of examining PAP is through continuous efforts as performance measures.    
French, Kraemer, and Cooke (2003) attempted to examine depth jump (DJ) measures of performance 
as well as CMJ, five seconds cycle ergometry power, and isokinetic knee extensions all in one session 
and may have seen no increase in continuous performance because of an over-testing effect.  Weber, 
et al. (2008) examined 12 male, in season, NCAA Division I track and field power athletes.  Using 
one set of five BS at 85% of 1RM they found a significant increase in average height (2.3cm) of 
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seven repeated CMJ after three minutes rest.  It is important to note that they employed a control 
group that performed no BS protocol between baseline measurements and testing of the repeated 
CMJ‟s.  This is important in order to rule out the possibility of the initial testing of the jumping 
protocol being the cause for PAP in the post-testing (Weber, et al., 2008). The second of the two 
successful studies looked at eight repeated CMJ attempts using three or five second MVC‟s to 
potentiate it (Gullich & Schmidtbleicher, 1996).  The researchers found a significant 3.3% increase in 
average jump height over the eight jumps.  Again, this research group controlled for the self-
potentiation of the jumps by having all subjects perform the eight jump protocol twice with the same 
recovery before engaging in the MVC‟s.  Although a staircase effect was seen within each set of eight 
jumps, this effect did not carry over from set to set.  Also, depth jumps were analyzed for ground 
contact time and jump height in the same study.  Ground contact times did not change but repeated 
depth jump height increased in the same manner that repeated CMJ did (Gullich & Schmidtbleicher, 
1996).  Two of three studies that have looked continuous activity type efforts, or prolonged duration 
exercise for more than one explosive movement, as a measure of PAP, have found significant 
increases. 
 Performance measures that are affected by PAP do not appear to include increased maximal 
strength or force (Gullich & Schmidtbleicher, 1996; Rassier & MacIntosh, 2000; Vandenboom, et al., 
1993), but in trained subjects PAP will consistently increase RFD and other performance parameters 
affected by RFD (French, et al., 2003; Gullich & Schmidtbleicher, 1996).  This is probably because of 
the calcium saturation that occurs in maximal contractions, whereas in submaximal force contractions 
the MLC phosphorylation results in increased force and RFD (Rassier & MacIntosh, 2000). 
Subject Characteristics Affecting PAP 
 As has been discussed in the previous sections, training status plays a major role in PAP 
effects seen.  As training status increases, so does degree and consistency of PAP (Chiu, et al., 2003; 
Ebben, 2002; Khamoui, Jo, et al., 2009; Verkhoshansky & Tatyan, 1973).  Energy system fatigue is 
28 
 
primarily responsible for decreases in performance within the first minute of exercise (Allen, Lamb, 
& Westerblan, 2008).  This is important for PAP considerations because trained subjects have better 
developed energy systems, will become fatigued less quickly, and recover from their levels of fatigue 
faster than an untrained subject (Brooks, Fahey, & Baldwin, 2005).  It is the balance of fatigue with 
increased performance, based on a given level of MLC phosphorylation, which is critical to see PAP 
in applied research (Rassier & MacIntosh, 2000).  Studies that have directly compared certain subject 
differences in terms of their effects on PAP have included age (Baudry, et al., 2005; Petrella, et al., 
1989), gender (O'Leary, et al., 1998), strength (Chiu, et al., 2003), and training type, such as 
endurance versus power training (Paasuke, et al., 1998). 
 The study by O‟Leary and colleagues (1998) on gender differences used an entirely 
electrically induced contraction protocol to test TP, directly after tetanus, to examine the effect of 
gender on PAP.  They found that torque rise time was significantly increased in men, probably caused 
by greater fast twitch fiber cross sectional area (CSA) (Staron et al., 2000) and the easily fatigued 
nature of these fibers (Brooks, et al., 2005).  Men‟s rate of torque development increased more 
absolutely than women but when it was normalized to peak torque it was a smaller percentage than 
the women‟s increase (O'Leary, et al., 1998).  It seems that in this study the findings show a fatigue 
resistance that is advantageous in women, but in terms of application to performance related measures 
of PAP in trained subjects, it is likely that the males‟ disadvantage would be negated by a greater 
level of MLC phosphorylation due to fiber type CSA differences (Moore & Stull, 1984). 
 The two studies examining age found very conclusive results showing higher levels of 
potentiation in younger people over the elderly (Baudry, et al., 2005; Petrella, et al., 1989).  Both used 
TP in the studies because it is a highly reproducible occurrence (Docherty, Robbins, & Hodgson, 
2004).  The first used a 6 second MVC of tibialis anterior muscle followed by trains of one, two, and 
three twitches immediately and every minute thereafter until 10 minutes post MVC (Baudry, et al., 
2005).  They found significantly higher TP at all testing times in the young population (aged 23-47) 
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over the elderly population (aged 70-85) (Baudry, et al., 2005).  The second study examined 11 
elderly men (mean age=66.9years) and 12 young men (mean age=25.7 years) using a five second 
MVC and only twitch tested once, two seconds after MVC completion (Petrella, et al., 1989).  The 
percentage of potentiation in the young group (168% of baseline) was significantly higher than the 
percentage potentiation in the elderly group (140% of baseline) (Petrella, et al., 1989).  It is likely that 
these results can be explained by atrophy of Type II muscle fibers with age (Lexell, Taylor, & 
Sjostrom, 1988), since fiber type composition is an important determining factor in finding PAP 
(Moore & Stull, 1984). 
 Further evidence for fiber type differences in PAP production is provided by a study on 
endurance athletes and power athletes (Paasuke, et al., 1998).  Using 11 male endurance athletes and 
12 power trained men with 6-10 years of specific training experience, researchers found greater TP 
percentage in the power athletes (154.3%) over the endurance athletes (128.3%) (Paasuke, et al., 
1998). Based on this finding it is unlikely that PAP will be as successful in endurance trained athletes 
as it is in power trained athletes. 
 Some researchers have applied post hoc statistical analysis to determine whether strength or 
relative strength is a variable that is related to PAP.  In rugby players, significant correlations of 
approximately r = .60 (depending on which time point in testing was analyzed; eight or twelve 
minutes post BS) were present between 3RM back squat values and percentage of potentiation 
(Kilduff, et al., 2007).  In the same study a similar correlation was found between bench press 
strength and percentage potentiation (r = .590, p < .004).  A significant correlation of r = .631 
between relative strength and PAP was also present only for the lower body exercises (Kilduff, et al., 
2007).  It is possible that when athletes are bearing their own body weight plus any additional loading 
there will be relative strength dependency.  In the case of a bench press throw, there will be no 
relative strength dependency because the athletes do not have to propel their own weight (Kilduff, et 
al., 2007). 
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 Other evidence for the dependence of PAP on relative strength is presented in a study by Till 
and Cooke (2009).  Within twelve soccer players, the stronger group experienced a non-significant 
trend toward having a greater PAP percentage than the weaker group in the same study (Till & 
Cooke, 2009).  In recreational college men there was also a non-significant trend toward the stronger 
group improving more (4.01%) with PAP than the weaker group (0.48%) (Gourgoulis, et al., 2003).  
As in the previous two studies ten moderately trained men exhibited an r = .73 correlation coefficient 
between strength and PAP induced increases in LCMJ height (W. B. Young, et al., 1998).  Authors of 
another study analyzed the relationship between absolute strength and percentage of PAP of medicine 
ball throw in recreational men, finding a strong (r = .71) significant correlation (Evans, et al., 2000).  
Research has made clear the possibility of a relationship between strength or relative strength and 
degree of potentiation, although further studies should be designed to examine this relationship by 
using wide ranges of subject relative strength. 
Complex training 
 To date, there has been very little longitudinal research that has covered the effects of 
complex training.  Complex training is the application of PAP to everyday training.  Complexes of 
strength and high speed power exercises are performed in sequence with purpose of enhancing power 
development (Verkhoshansky, 1986).  Five training studies have used complex training in their 
protocol, and two compared it to essentially no training at all (Fletcher & Hartwell, 2004; Santos & 
Janeira, 2008), one compared it to resistance training and to plyometric training (MacDonald, et al., 
2010), and two compared it to combined training (Burger, 1999; Mihalik, et al., 2008). Combined 
training is the combination of resistance and plyometric training within each microcycle, but during 
separate sessions, and is consistently found to increase strength and power above that of resistance or 
plyometric training alone (Adams, O'Shea, O'Shea, & Climstein, 1992; Harris, et al., 2000; 
Kotzamanidis, et al., 2005).  It is of little use to the body of research to compare complex training to 
nothing or to one singular mode of training because complex training is a form of combined training.  
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The difference between standard combined training and complex training is that resistance training 
and plyometric training are combined within a training microcycle in combined training, rather than a 
session, as in complex training (Verkhoshansky, 1986; Verkhoshansky & Tatyan, 1973). 
Adams and colleagues (1992) compared combined training to resistance training and 
plyometric training in recreational male subjects.  After six weeks of training, the combined training 
group increased vertical jump height by 10.67cm, which was significantly greater than the 3.30cm 
and 3.81cm increases seen in the resistance training and plyometric groups, respectively (Adams, et 
al., 1992).  Researchers have also compared combined training to strength training and plyometric 
training in soccer players in an attempt to examine the training modes on sprint performance 
(Kotzamanidis, et al., 2005).  The combined training group achieved significant improvement in 30m 
sprint performance (4.19 seconds) when compared to pretest (4.34 seconds), and when compared to 
other groups (other groups showed no significant improvement) (Kotzamanidis, et al., 2005).  
Combined training is more effective for power development than resistance training or plyometric 
training and as effective for strength development as resistance training (Kotzamanidis, et al., 2005). 
MacDonald and colleagues (2010) compared three groups over six weeks including resistance 
training (RT), plyometric training (PT), and complex training (CT).  All three groups significantly 
increased squat, Romanian dead lift, and standing calf raise strength, but no differences were found 
between groups.  Complex training showed no decrement in strength and is viable for use in applied 
training, but does not appear to be more effective than RT or PT in recreational college age subjects 
(MacDonald, et al., 2010). 
Of the two studies that compared combined training and complex training, one used 
recreational subjects and found no significant difference between groups in any performance measure 
at the end of 4 weeks (Mihalik, et al., 2008).  This short duration and relatively untrained subjects 
probably resulted in the lack of difference between groups (Mihalik, et al., 2008).  A master‟s thesis 
by Burger in 1999 is the only study to date that compared combined training and complex training in 
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a resistance and power trained population (NCAA Division I football players).  This approached, yet 
did not reach, a significant difference between groups in one performance parameter (Burger, 1999).  
The CMJ height in the complex trained group increased, but was not statistically significant, (p < 
.057) above the standard combined training group (Burger, 1999).  It seems likely that, in a more 
trained subject population like elite Olympic lifters or elite level track and field athletes, there could 
have been significance between combined and complex training groups.  This will become more 
evident in longitudinal studies in the future, especially if longer study durations are implemented. 
At the very least, complex training is as beneficial in athletic populations as combined 
training.  Based on this, either of these modes of training should be encouraged over resistance 
training or plyometric training alone (Burger, 1999; MacDonald, et al., 2010; Mihalik, et al., 2008).  
Complex training can and should be used over no training or light weight resistance  training 
(Fletcher & Hartwell, 2004) and can be used in young populations (Kotzamanidis, et al., 2005; Santos 
& Janeira, 2008).  Resistance training alone increases strength more than power (MacDonald, et al., 
2010), and plyometric training alone increases power more than strength (Luebbers et al., 2003), but 
complex or combined training can increase both measures more than either one of the two (Harris, et 
al., 2000). 
Prevalence of Use 
 Combined training is used by most high school level strength and conditioning coaches.  Of 
those coaches using combined training a slight minority are using complex training (Duehring, et al., 
2009).  Commonly the research is done on soccer (Till & Cooke, 2009), football (Burger, 1999; 
Harris, et al., 2000), track and field (Gullich & Schmidtbleicher, 1996; Weber, et al., 2008), and other 
power athletes (Kilduff, et al., 2007; Yetter & Moir, 2008), but it is also used in boxers in the form of 
weighted punching (Matthews & Comfort, 2008).  Olympic weightlifters and track and field athletes 
on the international level most commonly use complex training because of the critical need for high 
velocity power in those sports (Verkhoshansky, 1986; Verkhoshansky & Tatyan, 1973).  Olympic 
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lifters have also been combining cluster training with complex training in order to maintain the 
highest barbell velocities possible within a session (Haff et al., 2003).  In the aforementioned study, 
Haff declares that cluster training is the practice of using intra-set rest periods with the goal of power 
maintenance within a workout.  It is advantageous for any high level athlete seeking muscular power 
to use complex training, especially those approaching the elite levels of their sports. 
Conclusion 
 The results of PAP studies on trained athletes are far more consistent, especially in cases 
when researchers have clearly based their experimental design on knowledge of the mechanisms of 
PAP(Gullich & Schmidtbleicher, 1996), which appears to occur through MLC 
phosphorylation(Ryder, et al., 2007; Zhi, et al., 2005).  Because MLC phosphorylation is caused by 
sufficient calcium release at the SR during intense muscle contraction, it is important for contraction 
levels to be near maximal (Sweeney, et al., 1993).  Also, the rate of MLC dephosphorylation is much 
slower than that of the rate of fatigue decay in trained subjects (Sweeney, et al., 1993), meaning that 
greater volume can and should be used in potentiation of athletes.  However, this necessitates the use 
of a multiple set configuration in order to maximize PAP while eliminating fatigue (French, et al., 
2003).  The more elite trained the subject becomes, usually paired with increased relative and 
absolute strength, the greater PAP becomes (Gullich & Schmidtbleicher, 1996), because of the 
probable more rapid decline in fatigue (Brooks, et al., 2005), and possible greater CSA of fast twitch 
fibers caused by training (Brooks, et al., 2005).  The rest duration for any given study should be 
paired with the level of fatigue likely in the subject population, as well as with the intensity and 
volume chosen to maximize phosphorylation of the MLC.  It does not appear that exercise selection is 
an essential determining factor so long as volume and intensity are maintained, and are paired with 
proper rest duration. 
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Chapter III 
Methods 
Introduction 
 The goal of this study was to determine the variables that best predict postactivation 
potentiation (PAP) occurrence in a protocol designed to induce positive effects on rapid force 
production of lower extremity musculature.  The four variables that were analyzed for their effects on 
probability of PAP occurrence were absolute strength (ABS), relative strength (REL), mean rate of 
force development (MRFD), and reactive strength index (RSI).  One testing session was used to test 
one-repetition maximum (1RM) back squat (BS). A second testing session was used to test the acute 
effects of a heavy back squat protocol on CMJ characteristics, including MRFD and RSI. 
Description of Study Population 
 The study population included 39 NCAA Division II track and field power athletes including 
sprinters, jumpers and throwers.  All athletes participating had at least one year experience 
performing the BS and the CMJ. 
Design of Study 
 This study was a single group, repeated measures design.  It employed a multiple regression 
analysis to determine the relative utility of the measures of ABS, REL, pre-testing propulsive MRFD, 
and pre-testing RSI in predicting the degree of PAP achieved, as indicated by the difference in 
propulsive MRFD and the difference in RSI during the countermovement jump, following an acute 
bout of heavy resistance training.  The study also employed t-tests to compare means of the baseline 
measures ABS, REL, MRFD, and RSI between potentiated and non-potentiated groups. 
Data Collection Procedures 
 Data collection was carried out in Parberry Strength Center and the Biomechanics Laboratory 
at Western Washington University.  The study used two sessions to complete all initial baseline and 
maximum tests, as well as PAP experimentation and post-testing.  In the first session, a 1RM back 
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squat (BS) was tested using a squat rack and standard Olympic barbell set.  The second session 
included a vertical CMJ on an Advance Mechanical Technology Inc. (AMTI; Watertown, MA) force 
plate used to measure vertical ground reaction forces (GRF).  The force plate sampled at 1200 Hz.  
Using a custom computer program and the vertical GRF (VGRF) output from the force plate, MRFD 
and RSI were calculated.  The second testing session constituted the experimental examination of 
PAP.  A back squat protocol described in detail in the following section was used in an attempt to 
potentiate the measures of vertical CMJ performance.  All subjects signed a hold harmless agreement 
(Appendix C), and received and signed an informed consent form (Appendix B). 
 Methods of first session.  Subjects were asked to refrain from any heavy resistance training 
as well as any intensive tempo or glycolytic track workouts for 48 hours prior to session one.  Upon 
entering the lab they jogged for 2.5 minutes at 6 miles per hour, followed by 2.5 minutes at 7.5 miles 
per hour on a treadmill.  Throwers who complained of fatigue were allowed to continue running at 6 
miles per hour for a total of 5 minutes.  Immediately after the treadmill warm up, subjects began the 
standard dynamic warm up normally followed during resistance training sessions of the varsity track 
team.  This standard dynamic warm up was comprised of hip mobility exercises such as deep twisting 
box lunges, deep squats, and dowel single leg Romanian dead lifts (RDL).  Each exercise was 
performed six times per leg for the unilateral exercises, and six times per bilateral exercise.   
 Two minutes after the warm up terminated, the subjects began the BS testing protocol.  
Proper depth of the BS is constituted by the subjects‟ gluteal fold reaching the height of their tibial 
tuberosity while standing.  This was assessed by a certified strength and conditioning specialist 
(CSCS).  The subjectivity of depth measurement was reduced by requiring the subjects to touch an 
elastic band set at the proper depth across the squat rack with his/her gluteal fold.  They began with 
10 repetitions of BS at 50% of their self-estimated one repetition maximum (1RM).  Four minutes 
rest was given between all sets.  The second set was comprised of five repetitions at 75% of the 
subjects self-estimated 1RM.  Set three consisted of two repetitions at 85% of estimated 1RM.  
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Following the third set of the BS protocol, all sets were composed of one repetition and rest between 
sets remained four minutes.  Loads were selected by the CSCS based on relative ease or difficulty of 
performance in the previous sets and based on previous 1RM BS values reported at the onset of 
exercise.  If squat form was compromised or depth was not reached, the repetition was not counted 
toward a maximum squat value and the subject was given one subsequent attempt at the same or 
lower weight to correct the flaws in technique or depth.  Maximum weight squatted with proper form 
and depth was recorded by the CSCS. 
 Methods of second session. The goal of this session was to analyze the effects of a heavy BS 
protocol on power performance as measured by vertical CMJ and aforementioned parameters: MRFD 
and RSI.  Depth and form were consistent with the first session and was monitored by the same 
CSCS.  Subjects began with the same warm up protocol as described in the first session of testing, up 
through the dynamic warm up.  One minute after the dynamic warm up, during which subjects were 
reminded not to stretch, subjects performed three single submaximal vertical CMJ‟s with 20 seconds 
recovery between each attempt.  Subjects then rested for two minutes before beginning initial testing.  
Three single vertical jumps were performed on the force platform, each separated by 20 seconds.  
Consistent verbal encouragement to jump maximally was given to all subjects on each jump.  Visual 
encouragement was also provided by a Vertec (Vertec, Swift Performance Equipment; Lismore, 
Australia).  The Vertec was adjusted to an estimated maximum jump height for the subjects and any 
further increases in performance measured on the Vertec were left without resetting so that the athlete 
was encouraged to jump maximally on each attempt. 
Fifteen minutes after the CMJ testing, subjects performed one set of 10 repetitions of BS at 
50% of previously measured 1RM BS.  Four minutes rest was then given before beginning the second 
BS set.  The second and third sets were heavy loading sets designed to potentiate performance in the 
CMJ.  They were both comprised of four repetitions of BS using 87% of the subject‟s 1RM BS and 
were separated by 6 minutes to allow for optimal balance between energy system fatigue elimination 
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and potentiation.  Following the subject‟s second set of heavy BS (the third total BS set), the CSCS 
escorted the subject to the lab containing the force plate.  This was approximately a 30-second walk 
with one flight of stairs descending from the second floor of the building to the first.  Beyond the 
walk to the force plate the activity of the subject was limited to standing or sitting in the 
biomechanics lab for the balance of the six-minute rest period.  Stretching was strictly prohibited 
because of possible negative effects of static stretching on muscular force and power production 
(Bacurau et al., 2009; La Torre et al., 2010; Yamaguchi, Ishii, Yamanaka, & Yasuda, 2006). 
 The jump testing protocol started at six minutes from the cessation of the final repetition of 
heavy BS.  Subjects received the same consistent verbal and visual encouragement as in the initial 
CMJ testing session.  They were asked to initiate their first vertical CMJ at six minutes after the 
potentiating exercise.  The subjects were asked to perform a second CMJ at 6 minutes, 20 seconds, 
followed by a final CMJ at 6 minutes, 40 seconds.  Appendix D contains a complete checklist of the 
protocol used in both testing sessions. 
 The jump height was calculated using the impulse method, which implements the impulse-
momentum and projectile motion equations (Amasay, 2008).  Impulse was determined via the 
trapezoid rule using the net vertical GRF, from initiation of the jump, as recognized by the custom 
program, to takeoff.  Each trial was saved with a subject and trial number.  The trials were all 
imported into a custom program made in LabVIEW 9.0 (National Instruments; Austin, TX), designed 
to analyze subject weight, MRFD and RSI.  For the measurement of RSI, the program automatically 
recognized the first deviation beyond outside two times the peak residual from body weight during 
the weighing period (at least one second of standing time before the jump) and calculated the duration 
from that time point to the takeoff time point (Amasay, 2008).  Jump height (meters) divided by that 
time duration (seconds) provided the RSI.  MRFD was analyzed as the peak vertical force minus the 
minimum force at countermovement, all divided by the time from minimum to peak force. 
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Statistics 
 PASW Statistics version 18.0.0 was used for all statistics calculations.  A backward stepwise 
multiple regression analysis was used to find the variable(s) that best predict the level of PAP as 
measured by each of the outcome variables MRFD and RSI.  For both multiple regressions the 
significance level was set at α < .025 because of a Bonferroni correction applied.  The prediction 
variables entered into the multiple regression included: initial MRFD (PreMRFD), initial RSI 
(PreRSI), absolute strength (ABS), and relative strength (REL).  In addition, paired samples t-tests 
were performed comparing the same baseline characteristics (PreMRFD, PreRSI, ABS, REL) of those 
athletes who potentiated against those who exhibited fatigue effects.  Potentiation was assessed by 
two different outcome measures: percent change in MRFD pre to post (%MRFD), and percent change 
in RSI pre to post (%RSI).  Baseline characteristics of a subject were used in the means if a subject 
exhibited an increase or decrease of at least 10% in an outcome measure (%MRFD, %RSI).  For all t-
tests, the significance level was set at α < .00625 because there were eight related paired t-tests being 
conducted.  
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Chapter IV 
Results and Discussion 
Introduction 
 Postactivation potentiation (PAP) in NCAA Division II varsity track and field power athletes 
was measured using a countermovement jump (CMJ) after two sets of heavy back squat (BS).  PAP 
was measured as the percent change in mean rate of force development (%MRFD), and separately as 
the percent change in reactive strength index (%RSI).  A backward stepwise multiple regression 
analysis was performed in an effort to determine the variable or some combination of variables that 
best predicted each of the two measures of PAP.  A Bonferroni correction was used to maintain α = 
0.05 for the pair of regressions.  For each individual regression analysis, the significance level was set 
at α = 0.025.  Also, subjects were split into a „potentiated‟ group and a „fatigued‟ group for each of 
the measures of PAP (%MRFD and %RSI).  The parameter for inclusion into the groups was a 
deviation in performance greater than or equal to 10% of a subject‟s baseline.  The mean baseline 
values of initial MRFD (PreMRFD), initial RSI (PreRSI), relative strength (REL), and absolute 
strength (ABS) were then compared using paired samples t-tests, giving a total of eight t-tests.  A 
Bonferroni correction was used to maintain α = 0.05 for the group of eight t-tests.  For each 
individual t-test the significance level was set at α = .00625.  Complete statistical analysis tables can 
be viewed in Appendix E. 
Subject characteristics 
 Thirty-nine subjects (24 men, 15 women) aged 18 to 23 (20.5   1.6) years old volunteered 
for this study.  All subjects were healthy members of the Western Washington University varsity 
track and field team who were actively participating in the team‟s scheduled resistance training, and 
had at least one year experience with the BS exercise.  There were a wide range of relative strengths, 
as measured by 1RM BS divided by body weight (BW); because of the difference in track and field 
disciplines (see Table 1).  Further baseline measures of the group are provided by Table 2. 
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Table 1. Subject’s Track and Field Events. 
  M F 
Jumps 6 2 
Short Sprints 1 6 
Long Sprints 4 3 
Throws 10 3 
Multi-Events 3 1 
Totals 24 15 
 
Table 2. Subject characteristics. 
  Mean SD 
Subject Height (cm) 172 26.6 
Subject Weight (kg) 76.74 19.55 
ABS (1RM BS) (kg) 134.85 42.71 
87% 1RM BS (kg) 117.32 37.16 
REL (ABS/BW) (%) 1.75 0.29 
 
Jump Characteristics   
The average jump characteristics are displayed in Table 3.  Also a series of figures are 
provided for a qualitative viewing of the force trace shapes and their durations. 
Table 3. Jump characteristics are compiled for the entire subject pool, pre- and post- PAP protocol.  
Raw data is located in Appendix E. 
  Pre Post 
  Mean SD Mean SD 
Jump Height (cm) 46.32 9.56 44.30 9.85 
MRFD (N/s) 4576.22 1696.84 4756.59 1801.67 
RSI (m/s) 0.49 0.14 0.48 0.15 
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Figure 1. A representative force trace plotted to show true force by time characteristics because the 
custom program does not plot using time in seconds.  Line 1 indicates first movement and onset of 
jump.  Line 2 indicates minimum vertical ground reaction force (VGRF).  Line 3 indicates peak 
propulsive VRGF.  Line 4 indicates toe off. 
 
The figures below represent a schematic of how the custom computer program (LabVIEW 
2009) used the vertical ground reaction force (VGRF) data to calculate the outcome measures.  Figure 
2 represents a plot of the raw data, which is then truncated from the initial subject movement to the 
point of take off in Figure 3.  Figure 4 selects and plots only the data contained between times of 
minimum force during countermovement and peak propulsive force.  Figures 2-4 are examples of one 
very characteristic force trace seen in the subject pool.  Figures pairs 5 and 6, 7 and 8, and 9 and 10 
are further examples of common force traces; each a distinct but common shape.  Note that the impact 
peak may be attenuated or non-existent because subjects were informed that they did not need to land 
on the force platform so long as they jumped vertically.  Also, time units are one twelve-hundredth of 
a second in the custom program‟s graphs, as per the sampling rate of the force platform. 
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Figure 2. One of four common force trace shapes, graphed as raw data.  Note: second propulsive peak 
is greater than first propulsive peak. 
 
Figure 3. One of four common force trace shapes, graphed from initial movement to take off.  Note: 
second propulsive peak is greater than first propulsive peak.  The first line indicates minimum VGRF, 
and the second line indicates peak propulsive VGRF. 
 
 
Figure 4. One of four common force trace shapes, graphed only from minimum force during 
countermovement to peak force.  This is shown as an example of how the program graphically 
displayed its processing. 
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Figure 5.  The second of four common force trace shapes, graphed as raw data.  Note: first propulsive 
peak is greater than second propulsive peak. 
 
 
Figure 6.  The second of four common force trace shapes, graphed from initial movement to take off.  
Note: first propulsive peak is greater than second propulsive peak. 
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Figure 7. The third of four common force trace shapes, graphed as raw data.  Note: only one primary 
propulsive peak exists and there is a largely skewed left shape of the propulsive force. 
 
Figure 8. The third of four common force trace shapes, graphed from initial movement to take off.  
Note: only one primary propulsive peak exists and there is a largely skewed left shape of the 
propulsive force. 
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Figure 9. The fourth of four common force trace shapes, graphed as raw data.  Note: only one 
primary propulsive peak exists and there is a lessened skewed left shape of the propulsive force. 
 
 
Figure 10. The fourth of four common force trace shapes, graphed from initial movement to take off.  
Note: only one primary propulsive peak exists and there is a lessened skewed left shape of the 
propulsive force. 
 
Results 
 Multiple regression analyses.  In the first of two backward stepwise multiple regression 
analyses, %RSI was significantly predicted by REL (p = .006) while all other variables were removed 
in sequence.  The variables PreMRFD, PreRSI, and ABS did not provide significant improvement (p 
> .05) in the model created using only REL, and were thrown out because their respective p – values 
each exceeded .100, which was designated as the cut off below which a variable would remain in the 
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model.  The equation seen below was derived using REL to predict %RSI, and predicts 18.4% of the 
variability in % RSI (p = .006). 
           (   )         
Below is a plot of the %RSI prediction model including %RSI and REL data. 
 
Figure 11. A plot of the model created to predict %RSI from REL.  The model is shown only for the 
range of REL examined in this study (1.18-2.41). 
 
The second of two backward stepwise multiple regression analyses used the same four 
entered variables as before to predict %MRFD.  A model using ABS, PreRSI, and PreMRFD 
significantly predicted %MRFD (p < .001).  REL did not provide any significance to the model and 
was removed from analysis because of p – value exceeding .100.  The equation seen below was 
derived using ABS, PreRSI, and PreMRFD to predict %MRFD, and predicts 40.3% of the variability 
in %MRFD (p < .001). 
            (   )       (       )        (      )         
Mean comparisons.  The t-tests comparing the means of baseline variables between subjects 
who did and did not potentiate, as determined by post-test MRFD and RSI values outside 10% of pre-
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test values, revealed three significant tests.  Subjects whose %MRFD was greater than 10% had a 
significantly (p = .004) higher REL (1.87  0.22) and ABS (151.9  41.2 kg) than subjects whose 
%MRFD was less than -10% (1.34  0.11 and 82.7  6.5 kg, respectively).  REL was significantly 
higher (mean  SD), in subjects potentiating as measured by %RSI (2.10   0.08) than those who 
exhibited fatigue effects (1.56   1.25)-(p = .005).  The other five t-tests performed exhibited no 
significance and are shown with the significant three in Table 4.  All eight mean comparisons are  
 graphically represented in Figures 12-15. 
Table 4. Displaying outcomes of all t-tests performed. %MRFD = percent change in mean rate of 
force development. %RSI = percent change in reactive strength index.  n = number of subjects. SD = 
standard deviation.  Relative strength = body weight/1 RM BS. Absolute strength = 1RM BS. PreRSI 
= pre-testing RSI.  PreMRFD = pre-testing MRFD. * = statistical significance based on α = .     .  
A complete breakdown of statistical analysis and data reduction is available in Appendix F. 
 
  
Relative Strength 
Absolute Strength  
(kg) PreRSI (m/s) PreMRFD (N/s) 
Group n Mean SD p Mean SD p Mean SD p Mean SD p 
%MRFD > 10% 14 (12M, 2F) 1.87 0.22 
.004* 
 
151.9 41.2 
.003* 
 
0.54 0.14 
.142 
 
4249 1716 
.931 
 %MRFD < -10% 5 (0M, 5F) 1.34 0.11 82.7 6.5 0.39 0.13 4165 2144 
%RSI > 10% 4 (4M, 0F) 2.10 0.08 
.005* 
 
164.2 19.0 
.055 
 
0.54 0.10 
.028 
 
4206 1393 
.169 
 %RSI < -10% 9 (6F, 3M) 1.56 0.25 114.6 41.3 0.40 0.12 3939 1865 
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Figure 12. A graphical comparison of REL group means between subjects exhibiting increased and 
decreased performance for MRFD and RSI.  Error bars are set at mean   SD. *Significant to p < .00625 
 
Figure 13.  A graphical comparison of ABS group means between subjects exhibiting increased and 
decreased performance for MRFD and RSI.  Error bars are set at mean   SD.  *Significant to p < .00625 
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Figure 14. A graphical comparison of PreRSI group means between subjects exhibiting increased and 
decreased performance for MRFD and RSI.  Error bars are set at mean   SD. 
 
 
Figure 15. A graphical comparison of PreMRFD group means between subjects exhibiting increased 
and decreased performance for MRFD and RSI.  Error bars are set at mean   SD. 
 
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
%MRFD > 10% %MRFD < -10% %RSI > 10% %RSI < -10%
P
re
R
SI
 (
m
/s
) 
PreRSI in Potentiated and Fatigued 
Subject Groups 
0
1000
2000
3000
4000
5000
6000
7000
%MRFD > 10% %MRFD < -10% %RSI > 10% %RSI < -10%
P
re
M
R
FD
 (
N
/s
) 
PreMRFD in Potentiated and Fatigued 
Subject Groups 
50 
 
Discussion 
 Multiple regression analyses.  The first multiple regression showed that REL alone 
significantly predicted %RSI.  This is in agreement with the experimental hypothesis that one or more 
of the entered variables will predict %RSI.  Because fast twitch fibers are capable of more force 
production per cross sectional area (CSA) (Thorstensson, Grimby, & Karlsson, 1976; A. Young, 
1984), subjects with higher relative strengths may have greater percentage of fast twitch fibers.  Fast 
twitch fibers tend to have increased potentiation over slow twitch fibers, probably because of an 
increased level of MLC phosphorylation (Moore & Stull, 1984; Ryder, et al., 2007).  Increased MLC 
phosphorylation in fast twitch fibers is thought to be due to higher levels of skeletal muscle myosin 
light chain kinase (skMLCK) present in the cell (Ryder, et al., 2007).  This finding seems to be in 
agreement with some initial research in the field, in that percentage of potentiation is at least 
correlated with relative strength levels (Kilduff, et al., 2007). 
 The second multiple regression showed that ABS, PreRSI, and PreMRFD all contributed 
significantly to predicting %MRFD.  This also confirms the experimental hypothesis that one or more 
of the entered variables will predict %MRFD.  It seems that in subjects with higher levels of ABS and 
RSI, but a lower initial MRFD, there was potential to increase MRFD because of its initial lower 
value.  This is applicable to the field because subjects with very high absolute strengths but who are 
lacking in RFD may be able to acutely improve RFD by performing PAP.  This appears to be a novel 
finding although studies have found correlations between strength levels and percentage increase in 
PAP (Kilduff, et al., 2007; Till & Cooke, 2009; W. B. Young, et al., 1998). 
 Several of the subjects who exhibited increases in MRFD were those that exhibited two major 
propulsive force peaks in their force trace, with the second peak initially being the greater of the two.  
In a few of these cases, a greater number of post-PAP trials exhibited the first peak as the greater 
force value than the pre trials.  One of these cases is illustrated in Figures 16-19.  This shift in peaks 
altered MRFD towards a large increase pre- to post-intervention.  In terms of this qualitative finding‟s 
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application to PAP, it is possible that subjects were able to more successfully produce eccentric force 
after PAP.  This conclusion is made because, in force traces exhibiting two propulsive peaks, the first 
peak primarily represents eccentric force, essentially slowing and stopping the lowering of the center 
of mass (COM) (Jensen, Leissring, Garceau, Petushek, & Ebben, 2009).  An example of this change 
in pattern of force production is provided in one subject below.  No study to date has looked at the 
effects of PAP on eccentric only RFD, or reported this alteration in vertical force pattern. 
 
Figure 16. This is an example of a pre-PAP jump (subject #24) exhibiting a second propulsive force 
peak greater than the first propulsive force peak.  Graphed from subject‟s initial movement to take 
off.  Compare to Figure 17. Note: very similar times to take off.   
 
Figure 17. This is an example of a post-PAP jump (subject #24) exhibiting a first propulsive force 
peak greater than the second propulsive force peak.  Graphed from subject‟s initial movement to take 
off.  Compare to Figure 16. Note: very similar times to take off.     
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Figure 18. This is an example of a pre-PAP jump (subject #24) exhibiting a second propulsive force 
peak greater than the first propulsive force peak.  Graphed from subject‟s minimum force during 
countermovement to peak force. Compare to Figure 19.  Note: dissimilar times to peak force. 
 
 
 
Figure 19. This is an example of a post-PAP jump (subject #24) exhibiting a first propulsive force 
peak greater than the second propulsive force peak.  Graphed from subject‟s minimum force during 
countermovement to peak force.  Compare to Figure 18.  Note: dissimilar times to peak force. 
 
 Although jump height was not statistically analyzed in the design of this study it is worth 
noting that it did not increase.  This is in part due to only a select few of the subjects showing relevant 
(greater than 10%) positive changes in RSI and MRFD after the PAP protocol.  However, when 
qualitatively viewing the jump height results it is apparent that even those subjects exhibiting 
increased force production characteristics did not experience jump height increases.  Two of the 
subjects who potentiated to a high degree did see jump height increase, but not by a large amount.  
This finding has been corroborated in other research, where ground contact times decreased while 
jump heights remained similar in well trained athletes (Gullich & Schmidtbleicher, 1996).  The lack 
of jump height increase may be an effect of low level subjects in the sample population or a PAP 
protocol that was less than ideally matched with the training status of the subjects. 
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 Mean comparisons.  Mean REL and ABS in potentiated subjects were significantly higher 
than mean REL and ABS in fatigued subjects, as measured by %MRFD.  Also, mean REL in 
potentiated subjects as measured by %RSI was significantly greater than REL in those exhibiting 
fatigue.  These findings confirm the experimental hypothesis for three out of eight tests.  This is 
remarkable because of the Bonferroni correction necessitated by the large number of t-tests 
performed.  It appears that subjects with high levels of REL and ABS are more likely to experience 
potentiation as measured by %MRFD.  It also appears that subject with high levels of REL are more 
likely to experience potentiation as measured by %RSI.  This is in agreement with the multiple 
regression findings provided, as well as preliminary research in the literature that has shown positive 
correlations relating strength of subjects to levels of potentiation experienced (Kilduff, et al., 2007). 
 Till and Cooke (2009) found a non-significant trend towards strength level dependency of 
PAP.  The researchers examined a 20m sprint and a CMJ as measures of PAP, and used a five 
repetition maximum (5RM) deadlift, tuck jumps, or three by three second maximal voluntary 
contraction (MVC) to induce potentiation (Till & Cooke, 2009).  When the researchers split the 
subjects into a strong and weak group, the stronger group exhibited a non-significant trend towards 
greater potentiation (Till & Cooke, 2009).  Young, Jenner and Griffiths (1998) also found a 
significant positive correlation between strength levels and percentage of potentiation in loaded CMJ 
performance.  Another study also showed a similar non-significant trend towards stronger subjects 
exhibiting greater increases in potentiation (Gourgoulis, et al., 2003).  This study assessed jump 
height and peak power after high speed weighted half squats, but no difference in power after 
potentiation was seen (Gourgoulis, et al., 2003).  The subjects were split into those that could half 
squat greater than 160 kg (strong), and those that could not (weak) (Gourgoulis, et al., 2003).  The 
strong group exhibited a 4.08% increase in jump height, while weak group increased by 0.48% 
(Gourgoulis, et al., 2003).  These finding are all in agreement with the findings of the present study 
(Gourgoulis, et al., 2003; Till & Cooke, 2009; W. B. Young, et al., 1998).  No study that has shown 
54 
 
significant potentiation and examined strength levels has found results in disagreement with these 
findings. 
Summary 
 High levels of relative and absolute strength seem to be a common emerging theme in 
subjects who exhibit potentiation (Ebben, 2002; Kilduff, et al., 2007; Till & Cooke, 2009; W. B. 
Young, et al., 1998).  This study also supports that theme.  This may be because of the likely 
hypertrophy of fast twitch fibers due to resistance training (Hakkinen et al., 1998), leading to greater 
possible levels of MLC phosphorylation (Moore & Stull, 1984; Ryder, et al., 2007).  Athletes with 
relatively low RFD may also be especially prone to increase performance following PAP, as long as 
they have high absolute strength.  No jump height increases were found in the present study, which 
opposes the findings showing increased MRFD and RSI in select subjects. 
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Chapter V 
Summary and Conclusions 
Summary 
 The mechanism of postactivation potentiation (PAP) appears to be solely through myosin 
light chain (MLC) phosphorylation (Ryder, et al., 2007; Zhi, et al., 2005).  The reasoning behind 
research on the dependency of PAP on relative strength lies within the following research findings.  
Fast twitch fibers exhibit greater skeletal muscle MLC kinase (skMLCK) than slow twitch fivers 
(Ryder, et al., 2007), the enzyme responsible for phosphorylating the MLC (Moore & Stull, 1984; 
Ryder, et al., 2007), resulting in higher levels of MLC phosphorylation (Ryder, et al., 2007), and 
therefore, potentiation (Metzger, et al., 1989; Ryder, et al., 2007; Stuart, et al., 1988; Zhi, et al., 
2005).  Relative strength may be partially dependent on cross sectional area percentage of fast twitch 
fibers (Thorstensson, et al., 1976; A. Young, 1984).  Therefore, PAP may be dependent on relative 
strength and absolute strength (Ebben, 2002; Kilduff, et al., 2007; Till & Cooke, 2009; W. B. Young, 
et al., 1998) because of their relationship to fiber type composition (Thorstensson, et al., 1976).   
High training status of subjects is also critical (Gullich & Schmidtbleicher, 1996; 
Verkhoshansky & Tatyan, 1973) because of the more rapid elimination of fatigue in trained 
individuals (Brooks, et al., 2005).  The training status also affects the duration of PAP, which appears 
to be dependent on the level of MLC phosphorylation and total fatigue effects, since both exist 
simultaneously (Garner, et al., 1989; Rassier & MacIntosh, 2000).  Balancing these levels to find a 
window of enhanced performance is highly variable (Baker, 2003; Evans, et al., 2000; French, et al., 
2003; Gilbert & Lees, 2005; Gullich & Schmidtbleicher, 1996; Jensen & Ebben, 2003; Kilduff, et al., 
2007; Weber, et al., 2008; W. B. Young, et al., 1998) and durations of PAP have been reported as 
short as 3 minutes (Weber, et al., 2008), and as long as 20 minutes (Gilbert & Lees, 2005).   
The level of MLC phosphorylation depends on volume and intensity of exercise because 
intramuscular calcium saturation is the stimulus for PAP (Sweeney, et al., 1993).  Thus, it appears 
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that volume (French, et al., 2003; Houston & Grange, 1990) and intensity (Ebben & Watts, 1998; 
Gullich & Schmidtbleicher, 1996; Smilios, et al., 2005) of exercise are critical selections in the 
process of creating a successful PAP protocol.  However, subject training status appears to be the 
greatest determinant of PAP, with well trained power athletes exhibiting greater PAP (Gilbert & Lees, 
2005; Gullich & Schmidtbleicher, 1996; Paasuke, et al., 1998) than untrained (Brandenburg, 2005; 
Gonzalez-Rave, et al., 2009; Gullich & Schmidtbleicher, 1996; Hrysomallis & Kidgell, 2001) or 
endurance trained (Paasuke, et al., 1998) subjects. 
 The present study attempted to find predictors of PAP within the independent variables of: 
relative strength (REL), absolute strength (ABS), initial reactive strength index (PreRSI), and initial 
mean rate of force development (PreMRFD).  REL significantly predicted change in RSI (%RSI), 
with greater REL leading to greater %RSI.  ABS, PreRSI, PreMRFD, all significantly predicted 
change in MRFD (%MRFD) with greater ABS and PreRSI, and lesser PreMRFD all leading to 
greater %MRFD.  This study also compared means of the same four independent variables between 
potentiated and fatigued subjects.  REL and ABS were greater in subjects whose MRFD was 
potentiated, while REL was greater in those whose RSI was potentiated. 
 Some limitations to this study included the somewhat small range of relative and absolute 
strength present, as well as the variability of jump characteristics exhibited by the subjects.  Statistical 
significance was possibly reduced because of the wide variance in intra-subject trials although no 
power test was applied.  Also the training status of the athletes is questionable because many of them 
had been on a periodized training program for less than one year, even though inclusion criteria for 
the study was that they had at least one year experience in the back squat (BS) exercise.  Also because 
there was no familiarization session before jumping on the force platform, there may have been 
learning involved with the changes seen, although all athletes had previously used a Vertec in training 
and testing of the varsity track team.  Time to minimum force appeared to qualitatively decrease in 
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those whose %RSI was great, and may not relate to level of potentiation, but to a decreased 
apprehension on the force platform and to the researcher‟s commands during the post trials. 
Conclusions 
 The experimental hypothesis was confirmed in both cases of the multiple regression analyses 
since a model was found to predict %RSI and %MRFD.  The experimental hypothesis was also 
confirmed in three out of eight t-tests because mean REL and ABS were statistically different 
between groups when assessing %MRFD, REL was statistically different between groups when 
assessing %RSI .  PAP may be useful in the acute performance enhancement of RFD and RSI in 
trained subjects with high absolute and relative strength. 
Recommendations 
 Future research.  The use of the Vertec may have affected the jumping capability of some of 
the lesser experienced subjects because of their preoccupation with looking up as they jumped.  It 
may be useful in the future to give only verbal encouragement, instead of including the visual 
motivation provided by the Vertec. 
 A greater difference in those who potentiate and those who do not may also be elicited by 
increasing the intensity of exercise, since many of the subjects appeared to complete the two sets of 
four BS more easily than was intended.  The stimulus for potentiation may not have been intense 
enough. 
 Gullich and Schmidtbleicher (1996) reported that a glycolytic workout inhibits PAP, so 
choosing a warm up set of BS using ten repetitions may have been ill advised.  Some subjects 
reported feeling a slight burn using 50% of one repetition maximum (1RM) BS.  Using a two set 
warm up of four repetitions each at 50% and 65% of 1RM BS, respectively, may be a solution to 
eliminate any „burning‟ sensation of the muscle. 
 Fifteen minutes rest was used between initial countermovement jump (CMJ) testing and the 
warm up set of squats.  This was done to prevent any possible potentiation from the initial jumps to 
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the post trials, although research has shown that a duration of less than that is sufficient (Gullich & 
Schmidtbleicher, 1996).  Subjects reported cooling down by the time they restarted exercise, so if a 
duration of 15 minutes is to be used between pre trials and squatting, then an abbreviated warm up 
period similar to the main warm up should be implemented before doing the BS sets. 
 Different warm up protocols should be used for track and field sprinters and throwers.  Some 
throwers complained that running at 6 and 7.5 miles per hour (mph) was fatiguing, although 
qualitatively it did not appear to depend on body weight, but on training status and fitness levels. 
 Future research should also attempt to look at men and women separately because there seem 
to be discrepancies in the level of potentiation present (O'Leary, et al., 1998; Radcliffe & Radcliffe, 
1999), which may account for some of the significance found when comparing fatigued and 
potentiated groups‟ mean REL and ABS.  Men may be better candidates for PAP because of higher 
REL and ABS. 
 Higher level athletes with greater REL and ABS are also necessitated because this study did 
not produce significantly higher jump heights, although many subjects showed increases in RSI and 
MRFD. 
 Practical application.  PAP should not be used in athletes with low or moderate levels of 
relative or absolute strength; rather a typical combined resistance and plyometrics program should be 
employed (Adams, et al., 1992; Harris, et al., 2000; Kotzamanidis, et al., 2005; Verkhoshansky & 
Tatyan, 1973).  PAP can be used in the acute performance enhancement of RFD in trained, high 
strength subjects, although it remains unclear if it should be used in training as complex training. 
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Appendix A: 
Human Subjects Review Form and Responses 
 
1. What is your research question, or the specific hypothesis? 
With increased relative strength, absolute strength, rate of force development (RFD), reactive 
strength index (RSI), or some combination of those variables, there will be an increase in percent of 
performance enhancement following a heavy back squat protocol.  This performance increase will 
be measured by RFD, RSI during a vertical countermovement jump (CMJ). 
2. What are the potential benefits of the proposed research to the field? 
Future research will be able to be carried out to find possible thresholds of relative strength, 
absolute strength, RFD  and RSI, above which postactivation potentiation (PAP) is more likely to be 
exhibited.  Also, in providing a variable that best predicts the occurrence of PAP in athletes it will 
benefit coaches who wish to use PAP acutely or chronically through complex training to increase 
performance, by showing which parameter of athletic performance should be trained to allow for the 
greatest PAP effects. 
3. What are the potential benefits, if any, of the proposed research to the subjects? 
The subjects will now know their true back squat maximum value as evaluated by a Certified 
Strength and Conditioning Specialist, and this can be used in the future to develop properly designed 
resistance training plans.  Also each individual subject will get a report of if they exhibited PAP 
which can be used in training to possibly positively affect high velocity power performance (Burger, 
1999). 
4. Answer a) then answer either b) or c) as appropriate. 
a. Describe how you will identify the subject population, and how you will contact key 
individuals who will allow you access to that subject population or database. 
The subject population will consist solely of WWU varsity Track and Field team members 
who are currently participating in a resistance training plan designed by the assistant coach (Ben 
Stensland).  I will contact the team coach in person and via email and phone conversations when 
necessary to be allowed access to this athletic population.  This athletic population will be used 
because previous research has shown that athletic populations exhibit the effects of PAP more than 
untrained subjects (Gullich & Schmidtbleicher, 1996). 
b. Describe how you will recruit a sample from your subject population, including possible use 
of compensation, and the number of subjects to be recruited. 
The subjects will be recruited via emails sent through the team coach and signup sheets 
posted in the Parberry Varsity Weightroom in Carver Gym.  There will be no compensation and 
attempts will be made to recruit 50 subjects initially to compensate for possible no-shows. 
5. Briefly describe the research methodology.  Attach copies of all test 
instruments/questionnaires that will be used.   
Data collection will be carried out in Parberry Strength Center and the Biomechanics 
Laboratory at Western Washington University.  The study will use two sessions, in total, to complete 
all initial baseline and maximum tests, as well as PAP experimentation and post-testing.  In the first 
session, a one repetition maximum (1RM) back squat (BS) will be tested using a squat rack and 
standard Olympic barbell set.  The second session will include a vertical CMJ on an Advance 
Mechanical Technology Inc. (AMTI) force plate used to measure vertical ground reaction forces 
(GRF).  The force plate will be sampling at 1200Hz.  Using a custom computer program and the 
vertical GRF output from the force plate, RFD, RSI, and jump height will be calculated.  The second 
testing session will constitute the experimental examination of PAP.  A back squat protocol will be 
used in an attempt to potentiate the aforementioned measures of vertical CMJ performance. 
 Methods of Session One.  Subjects will be asked to refrain from any heavy resistance 
training as well as any intensive tempo or glycolytic track workouts for 48 hours prior to session one.  
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Upon entering the lab they will warm up using a treadmill and standard dynamic warm up.  This is 
comprised of hip mobility exercises such as deep twisting box lunges, deep squats, and dowel single 
leg Romanian dead lifts (RDL).  
 Two minutes after the warm up terminates, the subjects will begin the BS testing protocol.  
Proper depth of the BS protocol is constituted by subjects‟ hamstrings (posterior thigh) reaching a 
parallel position with the floor and will be assessed by a certified strength and conditioning specialist 
(CSCS).  The subjectivity of depth measurement will be reduced by requiring the subjects to touch an 
elastic band set at the proper depth across the squat rack with his/her buttocks.  Subjects will 
gradually increase weight lifted while decreasing repetition number per set so as to limit fatigue until 
a 1RM is established.  Four minutes rest will be given between all sets.  Loads will be selected by the 
CSCS based on relative ease or difficulty of performance in the previous sets.  If squat form is 
compromised or depth is not reached, the repetition will not be counted toward a maximum squat 
value and the subject will have one subsequent attempt at the same or lower weight to correct the 
flaws in technique or depth.  Maximum weight squatted with proper form and depth will be recorded 
by the CSCS. 
 Methods of Session Two. The goal of this session is to analyze the effects of a heavy BS 
protocol on power performance as measured by vertical CMJ and aforementioned parameters therein.  
Six minutes rest will be given between all sets.  Subjects will begin with the same warm up protocol 
as described in the first session of testing, up through the dynamic warm up.  One minute after 
dynamic warm up, during which, subjects will be asked not to stretch, subjects will perform three 
single submaximal vertical CMJ‟s with 20 seconds recovery between each attempt.  Subjects will 
then rest for two minutes before beginning baseline testing.  Three separate maximal jumps will be 
performed and used later to calculate baseline performance parameters.  Fifteen minutes after the 
CMJ testing, subjects will perform one set of 10 repetitions of back squat with 50% of previously 
measured 1RM back squat.  The second and third sets of BS are heavy loading sets designed to 
potentiate performance in the CMJ, and both are comprised of four repetitions of BS with 87% of the 
subject‟s 1RM BS.  The subject will rest for 6 minutes before beginning post-testing of vertical 
CMJ‟s on the force plate.  The same CMJ testing protocol will be used as in the baseline CMJ testing. 
6. Give specific examples (with literature citations) for the use of your test 
instruments/questionnaires, or similar ones, in previous similar studies in your field. 
Amasay used a similar force plate and protocol to test parameters of CMJ‟s (2008).  Several 
researchers have also tested heavy back squat protocols for their effects of CMJ performance (Gullich 
& Schmidtbleicher, 1996; Magnus et al., 2006; Radcliffe & Radcliffe, 1999; Smilios, Pilianidis, 
Sotiropoulos, Antonakis, & Tokmanidis, 2005). 
7. Describe how your study design is appropriate to examine your question or specific 
hypothesis.  Include a description of controls, if any. 
This design, including pre- and post-testing of vertical CMJ parameters (RFD and RSI) is 
appropriate because it is common for studies of PAP to show trained subject populations exhibiting 
greater rates of force development and higher performance in power exercises. (Gullich & 
Schmidtbleicher, 1996).  The study will examine through paired t-tests the means (relative strength, 
absolute strength, RFD and RSI) of the quartiles of subjects with the greatest positive  percent change 
and least positive (possibly negative) percent change in RFD and RSI.  This will allow a claim to be 
made about a certain baseline performance parameter that may predict an advantageous PAP percent 
change.  Stepwise multiple regression analysis may also be used to show which baseline variable is 
the best predictor of percentage PAP as measured by percent change in RFD and RSI. 
8. Give specific examples (with literature citations) for the use your study design, or similar 
ones, in previous similar studies in your field. 
No study has used a multiple regression to show variables best predicting PAP, but some 
researchers have used post hoc analysis of subjects to assess levels of relative strength or absolute 
71 
 
strength and their relation to PAP (Gourgoulis, Aggeloussis, Kasimatis, Mavromatis, & Garas, 2003).  
In terms of data collection design, there have been several similar studies that have performed 
maximum squat testing on one day followed by PAP testing using similar protocol on a second day 
(Gonzalez-Rave, Machado, Navarro-Valdivielso, & Vilas-Boas, 2009; Jones & Lees, 2003; Magnus, 
et al., 2006).  
9. Describe the potential risks to human subjects involved. 
The potential risks of squatting with heavy loads include muscle, tendon, or ligament injury 
(lower extremity) as well as possible injury to the spinal column.  Performing maximal jumps also 
has risk for muscle, tendon, and ligament injury, primarily of the lower extremity. 
10. If the research involves potential risks, describe the safeguards that will be used to minimize 
such risks. 
A standard warm up protocol used by all the athletes during their normal resistance training 
sessions will be implemented before beginning any exercise.  All athletes taking part in this study will 
have been trained by a CSCS (Ben Stensland) on how to properly perform a back squat and a 
countermovement jump, which will attenuate the risk of technique errors and related injuries.  Crash 
bars will used within the squat rack so as to protect the weight from falling on the athlete if they need 
to drop it or fail at the squat at any time.  All exercises will be monitored and all weights will be 
selected by a CSCS (Alex Harrison). 
11. Describe how you will address privacy and/or confidentiality. 
The results of individuals performance on the back squat exercise, CMJ, or any other 
performance measure will be discussed only between the athlete and the CSCS (Alex Harrison) 
testing the athlete.  Subjects will be assigned a number and will be referred to only as that number 
when discussing results with any person or in any writing besides the individual subject. 
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Appendix B: 
Informed Consent 
Western Washington University 
Consent to Take Part in a Research Study 
Predictors of Postactivation Potentiation 
You are invited to participate in a research study conducted by Alex Harrison, CSCS, from 
the department of Physical Education, Health, and Recreation at the Western Washington University.  
This study involves research on postactivation potentiation.  Postactivation potentiation is the 
phenomenon wherein after a heavy muscular loading there is a theorized enhanced power 
performance.  The purpose of this research is to better define the parameters an athlete must have, in 
order to see a greater effect of PAP training.   
Given your participation you will meet for two exercise sessions in Parberry weight room.  
The sessions will include the following expectations. 
Session 1: Similar warm up will be followed as in a normal WWU varsity track and field 
resistance training session.  This warm up will be followed by the testing of a maximum back squat.  
Submaximal loads will be used initially and will progressively be increased to a maximum weight 
that you are able to squat for repetition at a predetermined depth.  This maximum value will be 
recorded, then used in the second session to calculate future loads.  This session should take 
approximately 30-45 minutes. 
Session 2: Identical warm up procedures will be conducted as in session 1. Countermovement 
jumps will be performed on a force plate followed by a short period of rest.  A submaximal set of 10 
squats will be performed.  Then following 4 minutes of rest, 2 sets of 4 squats using 87% of your 
determined 1RM weight will be performed.  There will be 6 minutes rest between sets, as well as 
after the second set of four reps.  After the squat protocol, countermovement jumps will be performed 
again in the same manner on the force plate.  This session should last between 45-60 minutes.  It is 
expected of you to complete both sessions within one week of each other but no closer together than 3 
days. 
As with any resistance training using heavy loading of the spine and lower extremities, there 
are risks of muscle, tendon, ligament, and spinal injury that are present.  Some discomfort in 
performing the squatting exercise is expected because it is asked that you give a maximal effort 
during all testing. 
The benefits to you of this research are that you will now know your true back squat 
maximum value as evaluated by a Certified Strength and Conditioning Specialist, and this can be 
used in the future to develop properly designed resistance training plans.  Also each individual subject 
will get a report of if they exhibited PAP which can be used in training to possibly positively affect 
high velocity power performance.  This will also allow coaches better determine the efficacy of using 
complex training and aid in future researchers‟ decisions of what populations should be tested for 
PAP. 
Any questions you may have regarding the study procedures will be answered by the primary 
researcher (Alex Harrison) who can be contacted at harrison.alexander.p@gmail.com or 360-770-
2336.  Any questions about your rights as a research subject should be directed to: the WWU Human 
Protections Administrator (HPA), 360-650-3220.  If any injury or adverse effect of this research is 
experienced you should contact Alex Harrison, or the HPA. 
Any and all data collected will be kept completely confidential and will be stored and 
analyzed by subject number only.  Only the primary researcher will have access to your records. 
 Your signature indicates that you are at least 18 years of age, have read and understand the 
information provided above, that you willingly agree to participate, that you may withdraw your 
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consent at any time and discontinue participation without penalty, that you have received a copy of 
this form, and that you are not waiving any legal claims, rights or remedies.  
 
Signed________________________________Printed 
Name______________________Date__________ 
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Appendix C: 
Permission to Conduct Research 
 
 
Letter of permission to conduct research 
 
As the head coach for the WWU track and field team, I, ____________________________, approve 
Alex Harrison‟s thesis research on the WWU varsity track and field team, which includes maximum 
back squat testing, countermovement jumps and submaximal high load back squat exercises. 
 
Printed 
Name__________________________________________________________________________ 
 
Signed ______________________________________________________ 
Date_____________________ 
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Appendix D: 
Research Protocol Checklist 
SESSION 1 
 Measure tibial tuberosity height 
 2.5 min treadmill run @ 6.0mph 
o (Set band at tibial tuberosity 
height) 
 2.5 min treadmill run @ 7.5mph 
 6 twisting box lunges per leg 
 6 deep squat and reaches 
 6 single leg RDL 
 REST 2 MINUTES 
 1x10@50% estimated 1RM BS 
 REST 4 MINUTES 
 1x5@75% estimated 1RM BS 
 REST 4 MINUTES 
 1x2 @ 85% estimated 1RM BS 
 REST 4 MINUTES 
 1RM attempt (repeat if needed) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SESSION 2 
 Measure tibial tuberosity height 
 2.5 min treadmill run @ 6.0mph 
o (Set band at tibial tuberosity height) 
 2.5 min treadmill run @ 7.5mph 
 6 twisting box lunges per leg 
 6 deep squat and reaches 
 6 single leg RDL 
 REST 1 MINUTE 
 3x1 CMJ @60-80% w/20seconds 
 REST 2 MINUTES 
 Weigh Subject on Force Platform 
 3x1 CMJ @100% w/20seconds 
o “Jump as high as you can” 
 SAVE! 
o “See if you can get any higher” 
 SAVE! 
o “Alright, last one, really get up there” 
 SAVE! 
 REST 15 MINUTES 
 1x10 @50% 1RM BS 
 REST 4 MINUTES 
 1x4 @87% 1RM BS 
 REST 6 MINUTES 
 1x4 @87% 1RM BS 
 REST 6 MINUTES 
o Includes walking to force plate 
 Weigh Subject on Force Platform 
 3x1 CMJ @100% w/20seconds 
o “Jump as high as you can” 
 SAVE! 
o “See if you can get any higher” 
 SAVE! 
o “Alright, last one, really get up there” 
 SAVE!
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Appendix E: 
Raw Data 
Table 5. Pre-trial subject data. 
Subj 
# 
Ht 
(cm) 
TTO 
(s) 
PRFD 
(N/s) 
MRFD 
(N/s) 
RSI 
(m/s) 
1 40.9 0.79 6430.63 3181.92 0.52 
2 36.68 1.04 26281.7 4711.77 0.35 
3 27.14 1.44 5685.05 2718.46 0.19 
4 62.14 1 8014.99 3312.2 0.63 
5 42.48 0.67 15657.18 5513.83 0.64 
6 43.91 1.05 8201.38 8201.38 0.42 
7 47.19 1.21 7455.8 2739.11 0.4 
8 57.98 1.19 14725.21 5593.35 0.54 
9 43.06 0.86 14911.61 5862.53 0.5 
10 63 1.15 10624.52 5180.37 0.57 
11 50.26 1.15 15098 4014.39 0.44 
12 29.94 0.81 15470.79 7573.65 0.37 
13 51.11 1.13 10251.73 4615.32 0.46 
14 37.61 1.14 25908.91 5407.31 0.33 
15 48.04 1.1 13234.05 4992.9 0.45 
16 44.37 0.98 5778.25 2400.82 0.46 
17 50.74 1.34 13793.23 5164.42 0.38 
18 42.1 1.5 7269.41 2884.19 0.28 
19 40.74 0.92 19944.27 6242.95 0.44 
20 37.13 1.05 9319.76 4328.63 0.35 
21 53.5 0.74 19385.08 6371.11 0.73 
22 41.76 0.91 14725.21 6875.52 0.47 
23 47.93 0.93 11742.89 4482.21 0.51 
24 39.49 1.07 11183.71 5753.22 0.37 
25 48.61 0.88 18825.9 8705.18 0.55 
26 37.14 0.85 7083.01 2648.45 0.44 
27 49.48 1.13 10810.91 4381.08 0.44 
28 56.83 0.79 12488.47 3005.36 0.72 
29 45.59 1.01 8387.78 2123.01 0.45 
30 42.41 0.71 12674.87 4074.88 0.6 
31 38.59 0.75 13420.45 4946.07 0.51 
32 65.63 0.77 28891.24 5748.32 0.86 
33 52.39 0.87 9319.75 3888.89 0.61 
34 33.99 1 7083.01 3033.76 0.34 
35 51.33 0.85 8201.39 3175.36 0.6 
36 67.75 0.84 12115.68 6458.41 0.81 
37 42.76 1.02 8574.18 2099.39 0.45 
38 35.68 1 5032.67 2404.2 0.36 
39 59.17 0.99 11556.49 3658.62 0.6 
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Table 22. Post-trial subject data. 
Subj 
# 
Ht 
(cm) 
TTO 
(s) 
PRFD 
(N/s) 
MRFD 
(N/s) 
RSI 
(m/s) 
1 40.98 0.87 5918.04 2772.4 0.47 
2 28.92 1.1 21621.83 4412.72 0.26 
3 25.43 1.51 5685.05 1728.06 0.17 
4 62.67 0.9 10904.12 4852.64 0.7 
5 40.42 0.8 16775.55 6087.61 0.51 
6 43.54 1.01 8760.57 8760.57 0.43 
7 46.68 0.93 7269.41 3359.59 0.5 
8 56.2 0.95 14166.03 5611.65 0.6 
9 41.05 0.78 16216.37 5812.06 0.53 
10 60.74 0.94 10065.34 4973.57 0.65 
11 48.47 1.04 12302.08 4512.49 0.47 
12 27.12 0.97 6523.83 3855.17 0.28 
13 48.92 1.08 11556.49 4749.06 0.45 
14 34.32 1.16 23858.57 4956.72 0.3 
15 44.07 1.17 9785.75 4996.38 0.38 
16 41.12 1.03 5591.85 2848.89 0.4 
17 47.54 1.37 10065.34 5179.13 0.35 
18 39.72 1.38 6896.62 2911.85 0.29 
19 40.31 0.87 17707.53 6353.59 0.47 
20 39.36 1.03 13420.44 6232.39 0.38 
21 51.29 0.77 12302.07 6660.59 0.68 
22 39.36 0.85 17707.53 6580.96 0.46 
23 44.7 0.98 14166.02 5432.72 0.46 
24 39.47 1.07 12488.47 6710.61 0.37 
25 45.15 0.87 20876.25 9740.67 0.52 
26 36.74 0.83 6523.83 3219 0.45 
27 48.82 1.03 10438.12 3977.69 0.48 
28 55 0.81 10624.52 3489.63 0.68 
29 42.6 0.95 7455.81 2206.82 0.45 
30 39.81 0.66 16589.16 4426.52 0.61 
31 36.24 0.78 10438.12 4108.29 0.46 
32 63.67 0.78 27959.26 7506.32 0.81 
33 51.51 0.84 9319.76 3984.24 0.61 
34 30.6 1.1 6523.83 3270.61 0.28 
35 50.46 0.84 9878.94 3920.06 0.61 
36 64.63 0.79 11742.89 6327 0.82 
37 39.17 1.17 4659.87 2083.61 0.34 
38 32.9 1.07 5032.67 2075.48 0.31 
39 58.05 1.02 13793.24 4819.54 0.57 
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Table 23. Percent Differences in Outcome Measures. 
Subj 
# %Ht %PRFD %RSI %MRFD 
1 0.2 -8.0 -9.6 -12.9 
2 -21.2 -17.7 -25.7 -6.3 
3 -6.3 0.0 -10.5 -36.4 
4 0.9 36.0 11.1 46.5 
5 -4.8 7.1 -20.3 10.4 
6 -0.8 6.8 2.4 6.8 
7 -1.1 -2.5 25.0 22.7 
8 -3.1 -3.8 11.1 0.3 
9 -4.7 8.7 6.0 -0.9 
10 -3.6 -5.3 14.0 -4.0 
11 -3.6 -18.5 6.8 12.4 
12 -9.4 -57.8 -24.3 -49.1 
13 -4.3 12.7 -2.2 2.9 
14 -8.7 -7.9 -9.1 -8.3 
15 -8.3 -26.1 -15.6 0.1 
16 -7.3 -3.2 -13.0 18.7 
17 -6.3 -27.0 -7.9 0.3 
18 -5.7 -5.1 3.6 1.0 
19 -1.1 -11.2 6.8 1.8 
20 6.0 44.0 8.6 44.0 
21 -4.1 -36.5 -6.8 4.5 
22 -5.7 20.3 -2.1 -4.3 
23 -6.7 20.6 -9.8 21.2 
24 -0.1 11.7 0.0 16.6 
25 -7.1 10.9 -5.5 11.9 
26 -1.1 -7.9 2.3 21.5 
27 -1.3 -3.4 9.1 -9.2 
28 -3.2 -14.9 -5.6 16.1 
29 -6.6 -11.1 0.0 3.9 
30 -6.1 30.9 1.7 8.6 
31 -6.1 -22.2 -9.8 -16.9 
32 -3.0 -3.2 -5.8 30.6 
33 -1.7 0.0 0.0 2.5 
34 -10.0 -7.9 -17.6 7.8 
35 -1.7 20.5 1.7 23.5 
36 -4.6 -3.1 1.2 -2.0 
37 -8.4 -45.7 -24.4 -0.8 
38 -7.8 0.0 -13.9 -13.7 
39 -1.9 19.4 -5.0 31.7 
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Table 24. Subject characteristics. 
Subj 
# Sex Age 
Ht 
(cm) 
Wt 
(kg) 
ABS 
(kg) 
87% 
(kg) 
REL 
(%) 
1 Female 20 177.2 59.54 79.55 69.2 1.34 
2 Male 19 175.3 122.86 206.82 179.93 1.68 
3 Female 20 161.9 59.34 86.36 75.14 1.46 
4 Male 21 176.5 72.57 147.73 128.52 2.04 
5 Male 20 180.3 82.47 134.09 116.66 1.63 
6 Female 18 161.3 56.76 106.82 92.93 1.88 
7 Male 21 189.2 88.34 179.55 156.2 2.03 
8 Male 22 174.0 69.79 147.73 128.52 2.12 
9 Male 23 180.3 86.59 161.36 140.39 1.86 
10 Male 23 177.8 82.61 181.82 158.18 2.20 
11 Male 22 186.7 84.48 165.91 144.34 1.96 
12 Female 19 20.3 57.02 72.73 63.27 1.28 
13 Male 21 167.6 67.37 136.36 118.64 2.02 
14 Female 21 166.4 67.85 90.91 79.09 1.34 
15 Male 21 179.1 87.1 143.18 124.57 1.64 
16 Female 19 168.9 60.26 97.73 85.02 1.62 
17 Male 22 191.8 106.36 184.09 160.16 1.73 
18 Female 21 169.5 62.83 90.91 79.09 1.45 
19 Female 18 167.6 64.41 100 87 1.55 
20 Male 21 182.2 99.13 186.36 162.14 1.88 
21 Male 22 177.2 80.98 143.18 124.57 1.77 
22 Male 23 194.9 128.04 190.91 166.09 1.49 
23 Male 23 189.9 100.06 175 152.25 1.75 
24 Male 20 177.2 110.59 225 195.75 2.03 
25 Male 20 177.8 104.13 215.91 187.84 2.07 
26 Female 19 170.2 60.32 86.36 75.14 1.43 
27 Male 21 185.4 95.85 175 152.25 1.83 
28 Male 22 167.6 55.84 118.18 102.82 2.12 
29 Female 21 170.2 54.74 84.09 73.16 1.54 
30 Female 20 167.6 58.75 93.18 81.07 1.59 
31 Female 19 163.8 61.59 88.64 77.11 1.44 
32 Male 18 172.1 64.39 136.36 118.64 2.12 
33 Male 19 188.0 73.98 111.36 96.89 1.51 
34 Female 23 162.6 63.93 100 87 1.56 
35 Male 20 182.9 68.41 127.27 110.73 1.86 
36 Male 18 172.1 68.79 165.91 144.34 2.41 
37 Female 19 162.6 51.47 104.55 90.95 2.03 
38 Female 18 177.8 73.1 86.36 75.14 1.18 
39 Male 21 191.1 80.04 131.82 114.68 1.65 
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Appendix F: 
PASW Tables 
Table 9. 
Paired Samples T-tests.  Potentiated vs. Fatigued %MRFD statistics 
 
 Mean N Std. Deviation Std. Error Mean 
Pair 1 PreMRFD1 4044.6260 5 1051.70140 470.33517 
PreMRFD2 4164.8600 5 2144.07940 958.86146 
Pair 2 PreRSI1 .6080 5 .18075 .08083 
PreRSI2 .3900 5 .13472 .06025 
Pair 3 RelStr1 1.9100 5 .18166 .08124 
RelStr2 1.3400 5 .11576 .05177 
Pair 4 AbsStr1 145.9080 5 23.85736 10.66934 
AbsStr2 82.7280 5 6.54588 2.92741 
 
Table 10. 
Paired Samples T-tests. Potentiated vs. Fatigued %MRFD correlations. 
 
 N Correlation Sig. 
Pair 1 PreMRFD1 & PreMRFD2 5 -.611 .274 
Pair 2 PreRSI1 & PreRSI2 5 -.417 .485 
Pair 3 RelStr1 & RelStr2 5 .083 .894 
Pair 4 AbsStr1 & AbsStr2 5 .335 .581 
 
Table 11. 
Paired Samples T-tests. Potentiated vs. Fatigued %MRFD differences. 
 
 
Paired Differences 
t df 
Sig. 
(2-
tailed) Mean 
Std. 
Deviation 
Std. Error 
Mean 
95% Confidence Interval of 
the Difference 
Lower Upper 
Pair 1 PreMRFD1 - 
PreMRFD2 
-120.23400 2908.20635 1300.58942 -3731.24912 3490.78112 -.092 4 .931 
Pair 2 PreRSI1 - 
PreRSI2 
.21800 .26668 .11926 -.11313 .54913 1.828 4 .142 
Pair 3 RelStr1 - 
RelStr2 
.57000 .20712 .09263 .31282 .82718 6.154 4 .004 
Pair 4 AbsStr1 - 
AbsStr2 
63.18000 22.52262 10.07242 35.21447 91.14553 6.273 4 .003 
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Table 12. 
Paired Samples T-tests.  Potentiated vs. Fatigued %RSI statistics. 
 
 Mean N Std. Deviation Std. Error Mean 
Pair 1 PreMRFD1 4206.2575 4 1393.41085 696.70542 
PreMRFD2 3129.0950 4 1251.43217 625.71608 
Pair 2 PreRSI1 .5350 4 .09747 .04873 
PreRSI2 .3650 4 .12503 .06252 
Pair 3 RelStr1 2.0975 4 .07932 .03966 
RelStr2 1.4750 4 .21252 .10626 
Pair 4 AbsStr1 164.2075 4 19.04913 9.52457 
AbsStr2 103.4075 4 27.05131 13.52566 
 
Table 13. 
Paired Samples T-tests.  Potentiated vs. Fatigued %RSI correlations. 
Paired Samples Correlations 
 N Correlation Sig. 
Pair 1 PreMRFD1 & PreMRFD2 4 .598 .402 
Pair 2 PreRSI1 & PreRSI2 4 .736 .264 
Pair 3 RelStr1 & RelStr2 4 .723 .277 
Pair 4 AbsStr1 & AbsStr2 4 -.476 .524 
 
Table 14. 
Paired Samples T-tests.  Potentiated vs. Fatigued %RSI differences. 
 
 
Paired Differences 
t df 
Sig. (2-
tailed) Mean 
Std. 
Deviation 
Std. Error 
Mean 
95% Confidence Interval of the 
Difference 
Lower Upper 
Pair 1 PreMRFD1 - 
PreMRFD2 
1077.16250 1193.0655 596.53252 -821.27023 2975.59523 1.806 3 .169 
Pair 2 PreRSI1 - 
PreRSI2 
.17000 .08485 .04243 .03498 .30502 4.007 3 .028 
Pair 3 RelStr1 - 
RelStr2 
.62250 .16460 .08230 .36059 .88441 7.564 3 .005 
Pair 4 AbsStr1 - 
AbsStr2 
60.80000 39.81592 19.90796 -2.55602 124.15602 3.054 3 .055 
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Table 15. 
Backward stepwise multiple linear regression.  Predictors of %MRFD, variables 
entered/removed. 
 
Model Variables Entered 
Variables 
Removed Method 
1 PreRSI, AbsStr, PreMRFD, RelStra . Enter 
2 . RelStr Backward (criterion: Probability of F-to-remove 
>= .100). 
a. All requested variables entered. 
b. Dependent Variable: MRFDchange 
 
Table 16. 
Backward stepwise multiple linear regression.  Predictors of %MRFD, model statistics. 
 
Model R R Square Adjusted R Square 
Std. Error of the 
Estimate 
1 .641a .410 .341 15.06796 
2 .634b .403 .351 14.94926 
a. Predictors: (Constant), PreRSI, AbsStr, PreMRFD, RelStr 
b. Predictors: (Constant), PreRSI, AbsStr, PreMRFD 
 
Table 17. 
Backward stepwise multiple linear regression.  Predictors of %MRFD, model significance. 
 
Model Sum of Squares df Mean Square F Sig. 
1 Regression 5372.453 4 1343.113 5.916 .001a 
Residual 7719.472 34 227.043   
Total 13091.925 38    
2 Regression 5270.107 3 1756.702 7.861 .000b 
Residual 7821.818 35 223.481   
Total 13091.925 38    
a. Predictors: (Constant), PreRSI, AbsStr, PreMRFD, RelStr 
b. Predictors: (Constant), PreRSI, AbsStr, PreMRFD 
c. Dependent Variable: MRFDchange 
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Table 18. 
Backward stepwise multiple linear regression.  Predictors of %MRFD, coefficients. 
 
Model 
Unstandardized Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) -32.987 15.503  -2.128 .041 
AbsStr .169 .081 .389 2.073 .046 
RelStr 8.579 12.779 .135 .671 .507 
PreMRFD -.005 .002 -.445 -3.024 .005 
PreRSI 46.265 21.235 .354 2.179 .036 
2 (Constant) -25.925 11.299  -2.294 .028 
AbsStr .204 .062 .470 3.310 .002 
PreMRFD -.005 .002 -.460 -3.189 .003 
PreRSI 54.227 17.477 .415 3.103 .004 
a. Dependent Variable: MRFDchange 
 
Table 19. 
Backward stepwise multiple linear regression.  Predictors of %MRFD, excluded variables. 
 
Model Beta In t Sig. Partial Correlation 
Collinearity 
Statistics 
Tolerance 
2 RelStr .135a .671 .507 .114 .430 
a. Predictors in the Model: (Constant), PreRSI, AbsStr, PreMRFD 
b. Dependent Variable: MRFDchange 
 
Table 20. 
Backward stepwise multiple linear regression.  Predictors of %RSI, variables entered/removed. 
 
Model Variables Entered 
Variables 
Removed Method 
1 PreRSI, AbsStr, 
PreMRFD, RelStra 
. Enter 
2 . AbsStr Backward (criterion: Probability of F-to-remove >= .100). 
3 . PreMRFD Backward (criterion: Probability of F-to-remove >= .100). 
4 . PreRSI Backward (criterion: Probability of F-to-remove >= .100). 
a. All requested variables entered. 
b. Dependent Variable: RSIchange 
 
 
 
85 
 
85 
 
 
Table 21. 
Backward stepwise multiple linear regression.  Predictors of %RSI, variables 
entered/removed 
 
Model R R Square Adjusted R Square Std. Error of the Estimate 
1 .453a .205 .111 10.6160406 
2 .451b .203 .135 10.4730555 
3 .442c .196 .151 10.3758704 
4 .429d .184 .162 10.3074857 
a. Predictors: (Constant), PreRSI, AbsStr, PreMRFD, RelStr 
b. Predictors: (Constant), PreRSI, PreMRFD, RelStr 
c. Predictors: (Constant), PreRSI, RelStr. 
d. Predictors: (Constant), RelStr 
 
 
Table 22. 
Backward stepwise multiple linear regression.  Predictors of %RSI, significance. 
 
Model Sum of Squares df Mean Square F Sig. 
1 Regression 987.053 4 246.763 2.190 .091a 
Residual 3831.811 34 112.700   
Total 4818.864 38    
2 Regression 979.892 3 326.631 2.978 .045b 
Residual 3838.971 35 109.685   
Total 4818.864 38    
3 Regression 943.151 2 471.575 4.380 .020c 
Residual 3875.713 36 107.659   
Total 4818.864 38    
4 Regression 887.826 1 887.826 8.356 .006d 
Residual 3931.038 37 106.244   
Total 4818.864 38    
a. Predictors: (Constant), PreRSI, AbsStr, PreMRFD, RelStr 
b. Predictors: (Constant), PreRSI, PreMRFD, RelStr 
c. Predictors: (Constant), PreRSI, RelStr 
d. Predictors: (Constant), RelStr 
e. Dependent Variable: RSIchange 
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Table 23. 
Backward stepwise multiple linear regression.  Predictors of %RSI, coefficients. 
 
Model 
Unstandardized Coefficients Standardized Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) -29.836 10.923  -2.732 .010 
RelStr 18.006 9.003 .467 2.000 .054 
AbsStr .014 .057 .055 .252 .803 
PreMRFD -.001 .001 -.107 -.624 .537 
PreRSI -7.599 14.961 -.096 -.508 .615 
2 (Constant) -30.324 10.605  -2.859 .007 
RelStr 19.472 6.781 .505 2.872 .007 
PreMRFD -.001 .001 -.090 -.579 .566 
PreRSI -8.861 13.908 -.112 -.637 .528 
3 (Constant) -31.679 10.247  -3.092 .004 
RelStr 18.947 6.658 .491 2.846 .007 
PreRSI -9.809 13.683 -.124 -.717 .478 
4 (Constant) -32.332 10.139  -3.189 .003 
RelStr 16.564 5.730 .429 2.891 .006 
a. Dependent Variable: RSIchange 
 
 
Table 24. 
Backward stepwise multiple linear regression.  Predictors of %RSI, excluded variables. 
 
Model Beta In t Sig. 
Partial 
Correlation 
Collinearity 
Statistics 
Tolerance 
2 AbsStr .055a .252 .803 .043 .494 
3 AbsStr .003b .015 .988 .002 .578 
PreMRFD -.090b -.579 .566 -.097 .940 
4 AbsStr .040c .210 .835 .035 .625 
PreMRFD -.102c -.664 .511 -.110 .953 
PreRSI -.124c -.717 .478 -.119 .751 
a. Predictors in the Model: (Constant), PreRSI, PreMRFD, RelStr 
b. Predictors in the Model: (Constant), PreRSI, RelStr 
c. Predictors in the Model: (Constant), RelStr 
d. Dependent Variable: RSIchange 
 
 
